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(71) We^ Monsanto Company, a cor- 
poration organised under the laws of the State 
of Delaware, United States of America, of 
800j North Lindbergh Boulevard, St. Lotiis 
66, State of Missouri, United States of 
Anierica, -do here'by deolaire the invention for 
w^hidi we ipray that a patent imay 'be granted to 
us, and the method by which it is to be per- 
formed, to be 'particular'Iy described in and by 
the 'foHowiing statement : — 

This invention reflates to catalysts and pro- 
cesses of using -them. 

According to the present -invention there is 
provided a process for the treatment of a re- 
actant which is an ailkyl compound having n 
carbon atoms, -where n is a number from 1 
to 20, or an aryl compounds 'having n cai^bon 
atoms, where n is a whole number from 6 
.to 20, tihe said xeactant being an alcohol, 
halide, ester, edier or phenol, to obtain a m^ix- 
ture comprising an organic acid having n+1 
carbon atoms, or an ester otf the alcohol (having 
n :carbon atoms with the said acid, which 
process comprises reacting the said reactant at 
a tempeirature of at least 50°C, with cai^bon 
monoxide in the presence as catalyst 
of a noble metal component selected from 
•iridium, platinum, palladium, osmium and 
ruthenium and their compounds, and a pro- 
moter substance w!hidh is a hallogen or halogen 
compound. The piromoter substance is prefer- 
ably selected from bromine, iodine, and com- 
pounds of bromine and of iodine. 

This invention relates particularly to a pro- 
cess -for the reaction of 'ailcohols and carbon 
monoxide in the presence of catalyst composi- 
tions essentially comprising (iridium, platinum, 
palladium, osmium, and rufheniimi or their 
compounds or complexes, to yield carboxylic 
acids and esters selectively and efficiendy. 

In the following description and in the 
claiins the term "noble metal" is used to 



mean only iridium, platinum, palladium, 
osmium, and ruthenium. 

"Caitbonylation process for the preparation of 
carboxylic acids from alcohols are well known 
in the art and 'have been directed estpeciaily to 
'the production of acetic acid by the carbonyla- 
tjion of methanol. The prior art teaches the 
use of a number of catalysts for the synthesis 
of carboxylic acids by reaction of ailcohols 
with carbon monoxide at elevated tempera- 
tures and pressures in both <gas phase fixed 
bed reactions and 'liquid phase reactions. Cata- 
lysts such as phosphoric acid, phosphates, acti- 
vated carbon, heavy metal salts such as zinc 
and cuprous <ihllorides, silicates of various 
metals, and boron tiufluoride in various hydra- 
tion states have been reported to 'function for 
the production of acetic acid (by reaction of 
methyl alcohol and carbon monoxide lat 
elevated temperatures and pressures of the 
order of 400°C and =10,000 psig, respectively. 
However, even under sudh severe conditions 
the yields of acid were substantially poor, and, 
therefore, uneconomical. Somewhat less 
isevere reaction conditions of temperature 
and/or pressure have been reported in the 
tlitenature employing specific catalyst composi- 
tions, e.'go 330°:C^340^C and 2250 psig using 
'liquid phosphoric acid containing copper phos- 
phatei 300°C— 500°C and 2000 psig--4000 
psig using active charcoal impregnated with 
phosphoric acid; and 260°'C — 360^C and 
2800 psig — il5,000 psig using metal carbonyls, 
such as iron;, cobalt and nickel, in conjunction 
with their balides or free halogens in the liquid 
phase. Even using these 'specific catalyst com- 
positions at the less severc reaction conditions, 
substantially poorer yidds of the desired carb- 
oxylic acid product and substantially slower 
reaction rates are obtained than those lachieved 
in the process of this invention. 

Certain disadvantages present in the 
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carbonvlation processes described in the prior 
art are catalyst instability, lack of product 
selectivity, and low levels of catalyst reactivity. 
One particular disadvantage of carbonvlation 

5 processes of the prior art is their dependence 
upon the use of catalysts comprised of metal 
carbonyls or certain modified metal carbonyls 
including dlcobalt octacarbonyl, iron carbonyl 
and nickel carbonyl, ail of which require the 

10 use of high panial pressures of carbon mon- 
oxide to remain stable under the necessarily 
high reaction temperatures employed. For ex- 
ample, dicobalt octacarbonyl requires partial 
pressures of carbon monoxide as high as 3000 

15 psiti to 10,000 psig under normal carbonvlation 
conditions of 175^C to 300-C 

Still another disadvantage of carbonyiation 
processes disclosed in the prior art is their 
relatively low level of activity. This low level 

20 of activity requires higher catalyst concentra- 
tions, longer reaction times, and higher tem- 
peratures to obtain substantial reaction rates 
and conversions. Consequently larger and 
costlier processing equipment is required. 

25 Another disadvantage of carbonvlation pro- 
cesses disclosed heretofore is their inability to 
maintain high selectivhy to the desired carb- 
oxyllc acid at temperatures required for high 
conversion levels and high reaction rates. At 

30 these higher temperatures undesirable b\i>ro- 
ducts comprising substantial amounts of ethers, 
aldehydes, higher carboxyiic acids, carbon di- 
oxide^ methane and water are formed, thereby 
resulting in stibstaniial yield losses and neccs- 

35 sitating additional product puritication and re- 
c\-cle steps in the processing. 
^ Another disadvantage of carbonylatioii pro- 
cesses described in the prior art is their de- 
pendence on catalyst systems which require 

40 the use of substantially chemically pure carbon 
monoxide feedstocks to maintain high selec- 
tivity and high yield to the desired carboxyiic 
acid productrpor example, certain cobalt con- 
taining catalvst svstems described heretofore 

45 when ^employed with carbon monoxide feed 
streams containing impurities such as hydrogen, 
restilt in the production of a number of un- 
desirable bvproducts including methane, carbon 
dioxide, aldehydes, alcohols of the same carbon 

CA number as the desired carboxyiic acid, and 
carboxvlic acids of higher carbon nimiber than 
desired'. Consequently, substantial loss in 
selectivity and vield to die desired carboxyiic 
acid occurs. Catalvsts of the prior art cause 

55 the formation of troublesome gaseous bypro- 
ducts such as carbon dioxide and methane as 
well as dimei'hvl edier in the reactor system, 
therebv suppressing the carbon monoxide 
partial pressure and ultimately causing a de- 
fin crease in the desired carbonyiation reaction 
rate Often additional processing steps are re- 
quired to remove these undesirable byproducts, 
necessitating the use of larger and costlier pro- 
cessing equipment. 

65 It is, therefore, an object of the present 



invention to overcome the above disadvantages 
and thus provide an improved and more eco- 
nomically and commercially feasible carbonyia- 
tion process for the production of organic acids 
and their esters. 

Another objea of this invention is to pro- 
vide a more reactive and more stable car- 
bonyiation catalyst composition than has been 
heretofore described in the prior art. 

Still another objea of the present invention 75 
is to provide a more selective and more reac- 
tive carbonyiation catalyst composition for rhe 
production of carboxyiic acids. 

Still another object of the pre&ent invention 
is the provision of an improved carbonyiation 80 
process enabling the efficient and selective 
production of carboxyiic acids or their esters 
by reaction of alcohols and alcohol derivatives 
with carbon monoxide in the presence of an 
improved and more stable catalyst, thus en- 85 
abling the use of lower catalyst concentration, 
lower temperature, lower pressure, and shorter 
contact time than has been generally possible 
heretofore and facilitating product isolation, 
catalyst recover}^ and rec>^cle without substan- 90 
lial catalvst decomposition and loss. 

These and other objects of the present in- 
vention will 'become apparent to those skilled 
in the art from the accompanying description 
and disclosure of the vapor phase and liquid 95 
phase embodiments of the invention. 

In the vapor phase embodiment of the in- 
vention, alcohols having n carbon atoms are 
converted selectively to a mixture comprised 
of an acid having n-hl carbon atoms and the lOO 
ester of the said alcohol with the said acid, by 
reacting the alcohol or an alcohol derivative 
in the vapor phase with carbon monoxide at 
temperatures from SO^'C to 500^C and at 
partial pressures of carbon monoxide from 0,1 105 
psia to 15,000 psia, preferably 5 psia to 3,000 
psia, and more preferably 10 psia to 700 psia, 
although higher pressure may be employed, in 
the presence of a catalyst s>^stem essentially 
comprised of the above noble metal component, 110 
and a halogen promoter. These may be dis- 
persed upon a carrier. The carrier or substrate 
which may be employed in the present cata- 
lysts may consist of a porous solid of such size 
that it ^n be employed in Hxed or fiuidized- 115 
bed reactors, e.g., from 400 mesh/ inch to 1/2- 
inch particle sizes. The range of variation of 
the pore volume relative to solid weight is from 
0.03 to 2.5 cm'Vgm of the porous phase; pre- 
ferred range 0.05 to 1.5 cmVgm. 120 

The carrier materials are exemplilied, but 
not limited by pumice, alumina, silica, silica- 
alumina, aged or deactivated silica-alumina 
cracking catalyst, magnesia, diatomaceous 
earth, bauxite, titania, zirconia, clays, both 125 
natural and add treated such as the Super- 
Filtrols, anapulgus clay (attaputlgite), lime,, 
magnesium silicate, silicon carbide, aaivated 
and unaaivated carbons, zeolites as well as the 
zeolitic molecular sieves, solid foams, such as 130 
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ceramic honeycombs, and porous oTganic poly- 
mers. The above carriers are used as regular 
and irregular particles and -as capillary tubes, 
and interspacing elements such as shapes^ ex- 

5 •tmdates, ceraimic rods, balls, 'broken .pieces, and 
tiles, disposed within the oreaotor. 

In accordance with -the present invention, 
alcohols havioig n carbon atoms are converted 
selectively to a mixture comprised of an acid 

10 having n+1 carbon atoms and the ester of 
t!he said alcohol with the said acid, by reacting 
tJhe alcohol or an alcohol derivative in the 
liquid phase '\vi=th caribon monoxide at tem- 
peratures from about 50°C to 300°C and at 

15 partial pressures of carbon monoxide from 1 
psig to 15,000 psig preferably 5 psig to 3,000 
pS'ig, and more preferably 10 psig to 1000 
psig, although 'higher pressure may be em- 
ployed, in the presence of a catalyst system 

20 comprised of an active portion, viz an iridium, 
platinum, palladium, osmium or ruthenium, 
preferafbiy an iridium containing component, 
samd a promoter po^rtio^n, 'which is, a halogen 
and/or halogen compound, preferably bromine 

25 or iodine. The present process i-s particularly 
advantageous at lower p-ressures, alrhougji 
higlher pressures may also' be used. 

The catalyst contains as a major element 
l7hereof, a source providing an iridium, 

30 platinimi, palladium, osmium or ruthenium 
component. For example, as referred to above, 



for .purposes of Che present invention, the cata- 
lyst as charged is a noble metail compound 
containing the metal, halogen, and other 
moieties if desired. The catalyst essentially in- 35 
eludes a noble metal component^ as the active 
component, such as IrClo, PbBr^, Pt(C0').iBr2, 

OsCl3(CO) [(n— C.,H,)3'P ] 2 and 

Ru(ClK€0)[(C,Ho)sP]3. 

However, the catalyst is composed of two dis- 40 
tinct components, namely the active catalyst 
portion, e.g., the aforesaid noMe metal com- 
pound, as the first component, and ia promot- 
ing portion as the second component which 
may or may not be catalytically active, but 45 
•wihich aids the reaction in various ways, such 
as by facilitating cleavage of the carbon-oxygen 
bond in the alcohol. 

The active catalytic portion or first com- 
ponent is palladium, platinum, iridium, 50 
osmium or ruthenium metal, simple palladium, 
pla-tinum, iridium, osmium and ruthenitun 
oxides and saiks, organopalladium, organo- 
platinum, organoiridium, organoosmium and 
organoruthenium compounds, and coordination 55 
compounds of paMadiinn, -platinum, iridium, 
osmium and ruthenium, specific examples of 
'\vhich may be taken from the partial lists of 
suitaible compounds below. 



IrCls 
IrBr. 
Irl3 

IrClg.SH.O 

IrBrg.SHoO 

Ir,(CO),Clo 

Iro(CO).iBr2 

Ir2(CO)Jo 

Iro(CO)8 

Ir [(CgH5)3P],(CO)I 
Ir [(CcH,)3P]o(CO)Cl 
IrCl [(CcH,)3P]2 (CH.I)^ 
Ir(SnCl3) [(C,H3)3P]3 
IrCl(CO) [(CeH,)3As]o 
Irl(CO) [(CoH,)3Sb], 

[Pt(C0)Io]2 



Ir Metal, IroOg, Ir(N03)3. 

[(n-C4Hj>).iN] [Ir(CO)3Xo] where X = CI, Br, I. 

[(n-C4H9)4As]o[Iro(CO)2Y4] where Y = Br, I. 

[(n-C,H,),P] [Ir(CO)I J 

Ir [(CoH5)3P]3 (CO)Br 

Ir [(n-C4H,)3P].(CO)Bi: 

Ir [(n-C.,H,)3P]o(CO)I 

IrBr [(CoH5)3P]3 

Irl [(CeH,)3P]3 

IrCl[(CGH,)3P]3 

IrCl[(CoH,)3P]3H. 

[(CoH5)P]3lrCCO)H 

[Ir(CoH4)3Cl]2 

KJrsCloCSnCla)^ 

K4lr2Bro(SnBr3)4 

KJroIo(Snl3).i 
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[Pd(CO)Cljlj 


PdO and PtO 


Pt(CO)2Cl4 


[(n-C4H,j)4N] [Pt(CO)X3] where X = CI, Br, I 


Pd[(C«H3)„P],I, 


[(n-C4H9)4As]j[PtX4] where X = CI, Br, I 


PtKC6H5)3As](CO)I, 


[(n-C4H9)4P]2[PdX4l where X = CI, Br, I 


Pd[(C6H5)3P].(CO)Br 


[(C2H5)3P]2PtCH3l 


Ft[(C,H5)aAs]oCL . 


[?(CsU,)3h Pt(SnBr3), 


Pd[(n-C4H9)3P]2li 


[(C8H5)3PCH3],PtCl2(SllCl3). 


PtCCHa) [P(C,H5)3]nI 


Pd[Cn-C4H3)3P](CO)CL 


Pd Metal 


[(CeH,)3P](CO)CLPd 


Pt Metal 


[(C«H5)3As]2PtCl(SnCl3) 


Pd(N03)2 




PtOa 




RuClg 


OSX3 and OSX4 where X CI, Br, I 


RuBfj 


Os(CO)5 and OsjCCO),, 


Rulj 


OsCl3(CO)[(n-C4H,)3P]« 


Ru(CO)2lo 


OsBr3[(CeH5)3As]3 


RU3(CO)i2 


OsBr4[(CeH5)3P]3 


RuCl.,(CO)[(CgH5)3P]3 


Oslo [(CeH5)3P]3 


Rul2(CO)[(C«H3)3As]3 


Os Metal 


RuBr2(CO)[(n-CaH»)3P]3 


Ru Metal 


RuBr3(CO)[(CaH5)3P]2 




RU0O3 




OsOa 




OSO4 




KJRuofSnCls)™] 





03(00)4X2 where X = CI, Br, I 

The active catalytic portion or priniar\' com- 
ponent of the catalyst system is preferably a 
coordination compound of the said noble metal, 

5 carbon monoxide, and a halide such as 
chloride, bromide and iodide, as well as suit- 
a'ble amine, organophosphine, organoarsine, 
and/or organostibine ligands and, if desired, 
other ligands, e.g., halide such as chloride, 

10 iodide and bromide, and trihalosiannate such 



as the corresponding chloride, bromide or 
iodide, necessary to satisiy the coordination 
number and oxidation number of the central 
metal atom and thus form a coordination com- 
pound or complex of the noble metal such as 

Pd,(CO).Br„ Ir[(C,H,)3P].{C0)a, or 

fCC,H.).P].Ru(CO)Cl, 
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In the vapor iphase embcrdiment it is possible 
that o-ne or more the Hgand positions of the 
centmd tmetal atom is occtipied by a group 
attaohed to the surface of the supporting 

5 structure such as carbon. The term coordina- 
tion compound or coordination complex used 
throughout this specification means a com- 
pound or complex formed by combination oif 
one or more electronically rich moleoules or 

10 atoms capable of independent existence with 
one or more electromcally poor molecules or 
atoms, each of which may also be capable of 
independent existence. 

Suitable orga no -nitrogen, organo-pbos- 

15 phoruSj organo- arsenic, and organo -antimony 
digauds avhidh may comprise part of the noble 
metail^ i.e. iridium, platinum, palladium, 
osmium and ruthenium coordination compound 
or other cata^lyst are those consisting of tertiary 

20 organo-nitrogen, organo-phosphorus, organo- 
arsenic, and organo-antimony compounds in 
which tbe 'nitrogen, arsenic, phosphorus, and 
antimony atoms are -trivalent 'and are referred 



to in this sped^fioition as a-mines, phosphines, 
arsines, and stibines, respectively. In the group 25 
of suitable h'gands containing the trivalent 
nitrogen, phosphorus, arsenic, and antimony 
atoms employed in die catalyst of .this inven- 
tion, {he individual nitrogen, phosphorus, 
arsenic, ajid antimony atom has one available 30 
or unshared pair of electrons. An organic 
derivative of trivalent nitrogen, phospho'rus, 
arsenic, and antimony with the foregoing elec- 
tronic configuration is, therefore, a suitable 
Hgand for the noble metal containing catalyst 35 
of this invention. Organic radicals of any size 
and composition may be bonded to the nitro- 
gen, phosphorus, arsenic, and lantimony atoms, 
and the radicals are selected from the group 
consisting of alkyl and aryl groups. However, 40 
the preferred aanine^ phosphine, arsine, and 
stibine ligands are those consisting of at least 
one, but preferably one to three aryl-and/or 
aryloxy groups as -the organic moieties. For 
example, preferred ligands are illustrated by 45 
the following structural formula and examples : 



MRg where M ~ N, P, As, Sb, and 

R - phenyl (C^Kr—), phenoxy (CcHsO— ), tolyl [CH3CC0H,)— ] n-butyl (n-C,K— ) 
e.g. N(n-C,Ho)2, P(CoH,)3, F(C,U,0)^ 
As(C,H,),, Sb(C,H,)3, P[CH3(CcH,)]3 



A preferred group of ligands associated with 
the iridium and the other 'noble metal com- 

50 ponents, used with organic phosphorus, arsenic, 
and antimony derivatives has alkyl radicals of 
1 to 18 carbon atoms, aryl radicals having from 
6 to 18 carbon atoms and halogen radicals 
seleaed 'from the group consisting of chlorine, 

55 bromine and iodine. A preferred catalyst is 
composed of a noble metal atom, i.e. iridium, 
platinum, palladium, osmium and ruthenium, 
having as ligands, carbon monoxide, and at 
least one halogen ligand selected from the 

60 group consisting of chlorine, bromine and 
iodine, and at least two ligands selected from 
the group consisting of phosphorus, arsenic, 
and antimony derivatives having a'llcyl radicals 
of from 1 to 18 carbon atoms or aryl radicals 

65 having from 6 to 18 carbon atoms. 



The promoting portion or second component 
of the catalyst system consists of a halogen 
and/or halogen compound such as hydrogen 
halide, alkyl- or aryl-halide, metal haUde, am- 
monium, phosphonium, arsonium and stibon- 70 
ium halide, and may be the same or different 
from any halogen component already 
present in the active catalytic portion 
or first component of ibe catalyst 
system. Halogen or halide compounds are suit- 75 
able for the promoter portion of the catalyst, 
but -those containing iodine and bromine are 
preferred. Accordingly, 'suitable ipromoters 
comprising the second portion of the catalyst 
system may be selected from the following list 80 
of preferred halogen and/or halogen containing 
compounds: 
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RX 


where 


R 




and 


X 


Xo or X3- 


where 


X 


HX 


where 


X 


RCX 


where 


R 


li 

0 








and 


X 



: any alkyl- or e.g. CH3I, CeHsBr, 
aryl-group CH3CH2I3 etc. 

: CI, Br, or I 

. CI, Br, or I, e,g.^ Bra, la* I3" 



aryl-group 



O 



R4MX, R4MX3, or R3MX0 

where R =- Hydrogen or any alkyl- cg,^ NH4I, PH4I3, 



or aryl-group 
M = N, P, As, or Sb 
X = CI, Br, or I 



PH3I2, PHgBr^ 

(C6H5)3Pl2. and/or 
combinations of 
R, M, and X 



The active catalyst or first component of the 
catalyst system may be preformed prior to 
charging the reactor, or it may be formed in 
situ on the carrier in the reactor. For example, 
it may consist of either palladium, platinum, 
iridium;, osmium or ruthenium metals, a simple 
compound, carbonyl, carbonyl salt, or pal- 
ladium, platinum, iridium, osmium and ruthen- 
ium in complex combination with carbon mon- 
oxide and suitable organo phosphine, arsine, 
or stibine iigands and also other ligands, e.g., 
halide as described above. Generally, and pre- 
formed palladium, platinum, iridium, osmium 
and ruthenium compound may be charged as 
a precursor to the reactor. If desired, the active 
catal>^ic noble metal component described 
above may be prepared from any of the simpler 
t>'pes of palladium, platinum, iridium, osmium 
and ruthenium salts. 

The halogen promoter portion or second 
component of the catalyst may be charged to 
the reactor separately from the active catalyst 
or first component, or it may be incorporated 
into rhe active comp>onent, e.g., Irlr.. The active 
metal compound or lirst component of the 
catalyst system may be prepared prior to 
charging the reactor or generated in ^ittt. Sub- 
sequently, after the first component is in the 
reactor either as a liquid phase catalyst solu- 
tion or is dispersed upon a carrier, the pro- 
moter or second component of the catalyst 
may be added as a gaseous or liquid compound 
or as a solution in a suitable solvent. However, 
the promoter -portion of the catalyst may also 
be incorporated in the active catalyst or first 
component during the in situ generation of the 



aaive catalyst. For example, to prepare the 
catalyst system, the first component of the 
catalyst system, e.g., finely divided metal 
(powder) or a simple salt or compound as 
discussed above is dissolved in a suitable 
medium, and in rhe vapor phase process is 
subsequently impregnated upon an inen sup- 
port or carrier as discussed herein. Alter- 
natively, to facilitate dissolution of the first 
component, carbon monoxide may be bubbled 
through the above catalyst solution, prefer- 
ably while maintaining gentle heating and stir- 
ring of the said solution. Then an acidic solu- 
tion of the desired halogen promoter may be 
added to form an active catal>T:ic solution con- 
taining the necessary metal and halogen pro- 
moter components. This active catalytic solu- 
tion may be used as a liquid phase catalyst or 
may be impregnated upon an inert support or 
cairicr as discussed herein to generate the sup- 
ported catalyst. 

The solvent which is used to dissolve or 
disperse the metal catahtic component is a 
material having a low iboi'ling point, e.g., high 
vapor j>ressure under reaction conditions. The 
range of variation of the boiJing point (NBP, 
760 mm Hg) is quite broad, a preferred range 
bein^ from lO^C to 120°C. 

It has been found that the preparation of 
a solid catalvst which is uniform in composi- 
tion is preferably accomplished by the use of 
a volatile solvent component in the impregna- 
tion of an initially drv porous support with a 
cataKtic component dissolved in the said sol- 
vents'. The normal boiling point of the voladle 
liquid solvent is in the range of from 10°C 
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to 120^'C, A preferable igroup of volatile sol- 
vents -includes chlorof omi;, carbon tetrachloride, 
benzene, acetone, methanol, ethanol, isopro- 
panol, isdbutanolj pentane, hexane, cydo- 

5 bexane, 'heptane, toluene, pyridine, diethyl- 
amine, acetaldehyde, acetic acid, tetrahydro- 
fu'tan and water. 

The preparation of the solid phase catalyst 
is carried out by first dissolving or dispersioig 

10 tbe metal moiety in the above described 
volatile isolvent. The solid carrier is then im- 
pregnated with 'the solution of the metal 
moiety, for ex-ample, by pouring ibe solution 
upon tbe carrier, or immersing ft?he solid carrier 

15 in an excess of the liquid solution, with the 
excess being subsequently removed. 

The 'impregnated support or carrier is then 
maintained at a temperature sufficient to 
volatilize the solvent, preferably !at a tempera- 

20 ture between 15°C and 250°C, to permit dry- 
ing of the composite solid catalyst. A vacuum 
may also be applied to the catalyst in order to 
volatiflize the solvent, although the use of 
vacuum is not essential. During rfiis stage of 

25 the process, the volatile solvent evaporates 
from the solid catalytic product. The final 
product is a solid supported catalyst. 

For example, to prepare the catalyst system, 
the first component of the catalyst system, 

30 e.ig., a palladium s^lt such as PdClo is dis- 
solved in a suitable solvent such as ethaaiol. 
Subsequently, carbon monoxide is bubbled 
• through the solution w^here lan intermediate, 
isuch as 'Pd(CO,)2Cl25 is produced. This inter- 

35 mediate may be impregnated upon a carrier 
or, alternatively, the solution of the inter- 
mediate may have the promoter added to the 
solution. The second or promoter component 
may, if or example, be added to the above solu- 

40 tion, e.g., as aqueous HI, or methyl iodide or 
other iodine containing compound. This active 
catalyst solution may be used per se or the 
catalytic solution containing the necessary pal- 
ladium and halide components for impre^a- 

^ tion upon the carrier as discussed above. Often 
it may be beneficial and desirable to have the 
concentration of the second component or 
promoter portion of the catalyst system, for 
example, iodide such as HI or CH:;!, in excess 
of that required to form a stoichiometric com- 
pound such as described above. In the same 
-way the two components, e.g., a palladium 
•compound and an iodine or bromine com- 
ponent are provided in a single molecule by 

'5 beginni-ng with palla'diimi iodide or palladium 
bromide as the catalyst if or the reaction of an 
alcohol with carbon monoxide to produce an 
organic acid. The present discussion is based 
upon the catalyst precursors as charged. The 

^ ultimate nature of the catalyst as modified by 
reaction conditions, and the presence of pro- 
moters and reactants has not been completely 
elucidated. However, it has been found that 
the use of the components described herein 

65 'provides a highly superior catalyst and process 



for the production of acids. 

Although any ratio of promoter portion or 
second component of the catalyst system may 
be employed, ratios of promoter portion to 
active portion expressed as atoms of halogen in 

70 

the promoter portion to atoms of iridixim in 
the active portion of the catalytic system in 
the range of 1 r -l to 2500: 1 are generally em- 
ployed. However, the preferred range is 3 : 1 
to 300 : 1 halogen atoms per noble metal, e.g., 75 
iridium atom. 

The 'liquid reaction medium employed in the 
liquid phase process may be lany solvent com- 
patible with the catalyst system and may in- 
clude pure alcohols, or mixtures of the alcohol ^0 
feedstock and/or the 'desired carboxylic acid 
and/or esters of these two compounds. How- 
ever, the preferred solvent and liquid reaction 
anediimi for the process of this invention is 
•the desired carboxylic acid itself. Water may 
also be added to the reaction mixture to exert 
a beneficial effect upon the reaction rate. Other 
liquid phase reaction media may be chosen 
such as the organo -phosphorus ligands em- 
ployed in preparation of the catalyst system. 
An example of such a ligand which may func- 
tion as the liquid reaction medium and/or sol- 
vent is triphenyliphosphite. Such a choice of 
'ligand as solvent and/or reaction medium 
tends to improve catalyst stability and main- 
tain catalyst seleaivity, thereby substantially 
oliminating the need for providing another 
chemical compound to the liquid reaction 
medium. 

■Suitable feedstocks are alcohols although the 
alcohol may be charged together with ether, 
alkyl halide or ester as discussed below. Pre- 
ferred alcohols have one carbon atom less than 
the desired carboxylic acid product. These 
feedstocks also include halide, ester, and other 
derivatives of the desired alcohol feedstock. 

Polyfhydric alcohols, cyclic ethers, and lac- 
tones may also be employed as starting mat- 
erials for the production of polybasic acids, 
for example, catechol to yield ortho phthalic 110 
acid, or 1,4-butanediol to yield adipic acid, 
ethylene oxide to yield succinic acid. These 
feedstocks when subjected to reaction with car- 
bon monoxide under the conditions described 
herein with the catalyst of the invention, yield 115 
polybasic acids or esters including lactones. 

■Examples of preferred feedstocks employed 
for the caibonylation reaction 'of the present 
invention include the 'group of aliphatic 
alcohols having 1 to 20 carbon atoms including 120 
methanol, ethanol, propanol and isopropanol, 
the butanols, pentanols, phenol and hexanols, 
and a'lso the higher alcohols such ais the 
decanolsj including isomeric forms. However, 
an alcohol is the preferred ifeedstock. For ex- 125 
ample, if lacetic acid is the desired product, the 
feedstock may consist of methyl alcohol, or 
derivatives -thereof, sudh as dimethyl ether, 
metbyl acetate, and/or combinations of these. 

In accordance with the present invention the 130 
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carbonylation reaction may be carried out by 
intimately contacting an alcohol, which de- 
pending on the carbon nimiber and operating 
conditions may either be in the vapor or 

5 'liquid phase, with gaseous carbon monoxide 
in a liquid phase containing the catalyst system 
such as iodocarbonylbistriphenylphosphinc 
iridium (I), optionally in the presence of ad- 
ditional triphenylphosphine and halogen-con- 

10 taining promoter, such as methyl iodide, under 
conditions of temperature and pressure suit- 
able as described herein to form the carbonyla- 
tion product. The particular conditions selected 
are the same whether the alcohol is charged as 

15 a vapor or liquid. The temperature accordmg- 
ly will be in the ranee of 50^C to 300'^C with 
the preferred range being lOO^C to 240^C. 
Partial pressures of carbon monoxide of the 
order of 1 psig to 15,000 psig may be em- 

20 ployed, however, 5 psig to 3000 psig carbon 
monoxide partial pressure is generally pre- 
ferred and a more preferred range is from 
10 psig to 1000 psig. Higher pressures may 
be used if desired under appropriate condi- 

25 tions. 

Alternatively, carboxylic acids may be pro- 
duced if desired via reaction of alcohols and 
carbon monoxide in the vapor phase over the 
noble metal, e.g., iridium, containing catalyst 

30 systems descTibcd above, dispersed upon inert 
supports. Such a catalyst system may be 
operated as a conventional fixed bed catalytic 
reactor. For example, methyl alcohol, methyl 
iodide, and carbon monoxide may be passed 

35 over a catalvst svstem consisting, for example, 
of Ir(CO)d['C,H.>.Pj .: dispersed on an inert 
support material such as alundum, activated 
carbon, clavs, alunina, silica-alumma, and 
ceramics, in a fixed bed reactor maintained at 

40 elevated temperature and pressure, as described 
above, to produce acetic acid in high yields. 
However, use of a liquid reaction medium is 
preferred in the process of this invention using 
dissolved or dispersed active catalytic and 

45 promoter components. 

In accordance with the vapor phase em- 
bodiment of the present invention, the car- 
bonvlation reaction mav be carried out by 
intimately contacting an alcohol with gaseous 

50 carbon monoxide in the vapor phase, '^j]*^ 5^?^ 
peratiure preferablv is in the range of 50;C 
to SOO-C with the preferred range being 
700-C to 400^C. Partial pressures of carbon 
monoxide of the order of 0.1 psia to 15,000 

55 psia may be employed; however 5 psia to 
3 000 psia carbon monoxide partial pressure 
is generally pnrferred and a more preferred 
range is from 10 psia to 700 psia. Higher pres- 
sures may be used if desired under appropriate 

60 conditions. . , 

In a typical carbonylation process, selective 
to carbokvlic acid, one mole of carbon mon- 
oxide reaa:s with each hydroxy! group (molar 
basis> More or less carbon monoxide from 

65 the aforesaid stoichiometric amount, however, 



may be present. Carbon monoxide streams con- 
taining inert impurities such as hydrogen, car- 
bon dioxide, methane, nitrogen, noble gases, 
water and paraffinic hydrocarbons having from 
1 to 4 carbon atoms may be employed, if 70 
desired, for example, from an available plant 
gas stream, to good effect; however, in such 
cases total reactor pressure will have to be in- 
creased to maintain a desired carbon monoxide 
partial pressure. The concentration of carbon 75 
monoxide in the feed gas mixture is from 
1 vol. to 99.9 vol. a preferred range 
being from 10 vol. >; to 99.9 vol. 

The reaction rate is dependent upon catalyst 
concentration and temperature. Concentrations 80 
of the noble metal compnound, i.e., iridium, 
platinum, palladium, osmium and rtithenium 
or the first comp>onent of the catalyst system in 
the liquid phase, 'between 10"^ moles/liter and 
10-' moles/iiter, are normally employed, with 85 
the preferred range being 10 "* moles/liter to 
10—' moles/liter. Higher concentration even to 
the extent of 1 mole/liter may, however, be 
used if desired. Fligher temperatures also 
favor higher reaction rates. 90 

The concentration of excess iigand, such as 
organo-phosphine, organo-arsine, or organo- 
stibine above that required to form a stoichio- 
metric coordination compound, if any excess 
is desired, mav vary widely, e.g., from 10"** 65 
moles/liter to 10 moles/liter of catalyst solu- 
tion. However, the preferred concentration 
range of excess ligand is 10-* moles/liter to 
1 mole/liter. 

The concentration of the second component 100 
or promoter portion of the catalyst system may 
var\- widelv over the broad concentration range 
of 'lO-*' moles/liter to IS moles/liter, based 
on halogen atom. In the process of this in- 
vention, however, the preferred concentration 105 
range of promoter is lO' * moles/litcr to 2 
moles/iiter of catalyst solution. 

Concentrations of the noble metal compound 
or the first component of the supported cata- 
lvst system in the vapor phase, betw^een 0.01 HQ 
wt. v" and 10 wt. ;^ are normally employed, 
with the preferred range being O.l \vt. % to 
5 wt. / . Hi,gher concentrations even to the 
extent of 20 wt. /- mav, however, be used if 
desired. ' 115 

The concentration of the second component 
or promoter portion on the support in the 
vapor phase reaaion may var\' widely over the 
broad concentration range of 0.01 wt. to 
30 wt. 7, based on halogen atom. In the pro- 120 
cess of this invention, however, the preferred 
concentration range of promoter is 1 wt. % 
to 20 wt, y., relative to the weight of the sup- 
port. 

In the liquid phase embodiment, the active 125 
nobel metal, i.e., iridium, platinum, palladium, 
osmium and nithenium catalytic component is 
supplied as a catalyst solution. The solution 
can also include liquid reactants, products and 
mixtures thereof which fimction as solvents or 130 



BNSDOClDrcGB 1234641A l> 



1,234,641 



reaction media. It 'has >been found that the 
nature of the ^pro ducts obtained in the present 
car'bonylation process can be controlled by 
■the use of various proportions of alcoholj 

5 ester and acid as the solvent for such a cata- 
lyst solution. A preferred 'group of solvents is 
discussed below for use when reacting an 
alcohol having n carbon atoms where n is a 
whole number from 1 to 20. This preferred 

10 group of solvents is comprised of the said 
alcohol having n carbon atoms^ an acid having 
n-f-1 carbon atcms^ the ester of the said acid 
and the said alcohol, the diether ol the said 
alcohol, a ha'lide of the said a'lco'hol and -mix- 

15 tures thereof. A still more -pref erred group of 
solvents -is comprised of the aforesaid alcohci, 
the acidj and the ester of the said acid and 
said alcohol. 

In carrying out oi the above described in- 

20 vention ifor the production of 'high proportion 
of acid^ e.g., acetic acid, as the desired product, 
the charge to the reactOir may be pure or may 
include byproducts which are recycled with 
the aicohol feed. The purification system -may 

25 diereforc employ a 'distillation train to recover 
the acetic acid product by distillation^ while 
the remaining lower boiling components are re- 
cycled. 

The present process may be operated to 
30 produce high proportions of the •carboxylic 
acid or the ester of such carboxylic acids with 
the feed alcohci to obtain high productivity. 
Various alcohols may be charged as the 
alcohol feed, -for example, the charging of 
35 ethanol yields as primary products propionic 
acid and ethyl propionate. If it is desired to 



increase the proportion of acid^ the ester may 
be recycled to the 'primary reactor, or may be 
introduced into^ another reactor (together widi 
water) for the purpose of forming the acid in 
a separate zone. When charging a mixture of 
alcohci and ester, there are particular molar 
ranges of ratios of alcohol to ester, which are 
conducive to the formation of certain product 
distributions, ^with the broad range cf 0.001 to 45 
10,000 moles of alcohol per mole of ester. 

Thus the use of an alcohol-ester feed in a 
ratio of alcohol to ester no more than about 2, 
■preferably O.OOi to 2 (and including a substan- 
tially pure ester as the feed) yields a product 50 
with a high proportion of acid;, e.g., reaching 
substantially 100% carboxylic acid. Alterna- 
tively, the use of a ratio of alcohci to ester 
greater than about 10, preferably 10 to 10,000 
(including a substantially pure aJcohol feed) 55 
yields a product with a very 'high proportion of 
the ester, e.g., reaching substantially 100%, 
ester. 

Within the latter alcohol/ester feedstock 
ratio range of 10 to 10,000 there exist two 60 
alternative embodiments of the invention. In 
the first such embodiment the product consists 
•essentially of 100% ester at alcohol conver- 
sion levels up to about 90 mole %; at sbove 
about 90% alcohol conversion level the pro- 65 
duct is substantially completely the acid. 

■Similarly, ratios of alcchol to ester in the 
feed, in the range of 2 to 10, permit obtaining 
various proportio'ns of acid and ester as mix- 
tures in the product. 7Q 

The above case-s are summarized below : 



Alcohol/Ester Ratio^ 



Major Product. 



0.001 to 2 
2 to 10 



acid 

mixed acid and ester 



10 to 10,000 a) to about 90% alcohol conv. ester 
b) above about 90% alcohol conv. acid 



An example of the above described embodi- 
ment for the production of high proportion of 

75 acid, e.g., acedc acid, as the desired product, 
the charge to the reactor includes a relatively 
low propo^rtion of the alcohol. Thus in the pro- 
duction of acetic acid, the ratio is no more than 
2 moles of methanol per mole of methyl 

80 acetate. Consequently, the purification system 
■employs a distillation train to recover the acetic 
acid product by distillation, while the remain- 
ing lower boiling components consisting 
principally of methyl iodide promoter, un- 

85 reacted methanol, and methyl acetate are re- 
cycled. 

In carrying cut a second embodiment, de- 
scribed abovcj for the production of high 



proportion of ester, e.g., methyl acetate, as the 
■desired product, the charge to the reactor in- 90 
eludes a relatively hi'gh prcportion of the 
alcohol, e.g., 'greater than 10 moles of methanol 
per mole of methyl acetate. 

Consequently, the purification system em- 
ploys a distillation train to recover the methyl 95 
acetate by distillation, while the remaining 
components consisting principally of the un- 
reacted feedstocks, methyl iodide (or other 
halide promoters), methanol and water are re- 
cycled. The methyl acetate is hydrolyzed for 100 
example by contacting with steam, as described 
herein, thus isolating the acetic acid with the 
recovery of methyl alcohol, which may be re- 
cycled. However, the ester product is often 
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used, per se for example, as a solvent in chemi- 
cal processing or for the formulation of coating 
compositions. 

When conducting the liquid phase process 
5 in the absence of another compound as solvent 
having a higher boiling point than acetic acid 
(discussed below), a portion of the acetic acid 
product containing the iridium catalyst system 
(including other inorganic halide compounds 

10 as promoter) is rec\xled to the reactor to return 
the said catalyst system to the reaction zone. 

The reacta'nts which are used in the present 
processes are essentially ar%'l- and alkyl- 
alcohols, and alcohol derivatives such as ethers, 

15 esters and organic halides having from 1 to 
20 carbon atoms (preferably 1 to 10 carbon 
atoms), including straight and branched chain 
components. The second essential component is 
carbon monoxide. However, the carbon mon- 

20 oxide need not be in a high purity stream 
such as has been required by prior art pro- 
cesses. Instead, the carbon monoxide may be a 
low-concentration mixture containing from 1 
vol. 7. to 99.9 vol. 7- of carbon monoxide, 

25 wuth the remainder of the gas mixture being 
comprised of gases selected from the group 
consisting of nitrogen, hydrogen, carbon di- 
oxide, noble gases, water and paraffinic hydro- 
carbons having from 1 to 4 carbon atoms. Pre- 

30 ferred ranges cf carbon monoxide are from 
30 vol. [A to 70 vol. carbon monoxide with 
die above gases. 

An alternate embodiment of the present m- 
vention includes the use of multiphase catalysts 

35 comprised of a porous solid carrier upon w^ich 
a liquid phase catalyst is prepared by addition 
of a separate high boiling solvent to the pre- 
formed active catalyst solution containing both 
noble metal and halogen promoter components 

40 in a more volatile solvent as described above. 
Subsequently, the active catalyst solution in- 
cluding the' high boiling solvent is dispersed 
upon a carrier. The high boiling point sol- 
vent in general has a vapor pressure of 10"^- 

45 to 10 mm Hg, a preferred range being from 
10-'" to 1 mm. Examples of solvents include : 
mineral oil, 1-methyl naphthalene, ethylene 
glycol, polyphenvl ethers, tetrac:hylcne glycol, 
diisodecvl phthalute, dioctyl phthalate, bis (2- 

50 ethvlhexvl-adipate, 1,3 -propanediol diolcate, 
ethvlene glycol distearate, poly die thylcne 
glycol adipate, 1,4-butanediol adipate, sucrose 
acetate isobutyrate, trixylenyl phosphate, pcr- 
fluorotributylamine, 4-merhyl quinoline, high 

55 boiling inorganic or organic salts, such as 
cupric acetate. . , 

When ester is present in the feedstock, it is 
ncrmallv charged with equimolar amounts of 
water, although more or less w^ater may be 

60 used. The reference to the ester in the above 
ratios, is on the basis that a molar quantitv^ of 
water is present equivalent to the ntimber of 
moles of ester present. 

It has been found that water generally exerts 
65 a beneficial effect on the rate of reaction. Ho^v- 



ever, adding water, with the feed in excess of 
the eqaimoiar quaniirvs e.g., an excess of 
50 A to 300/ of such equimolar quantity, al- 
ready present with ester, as discussed above, 
promotes the production of the carboxylic acid. 70 
On the other hand the production of ester is 
favoured bv operation wiih smaller quantities 
of water, e.g., 50/; to 100 /: of the equimolar 
pre pon ions disctissed above. 

The above catalyst solutions used in the 75 
liquid phase embodiment essentially comprised 
of: (1) the reactant alcohol-product acid 
mcdiuni, ;2; a noble metal, e.g., iridium, 
platinum, osmium and ruihenitim, compound, 
and (5) a halogen promoter, may be further 80 
modified by th'c addition of a high boiling, 
inert solvent as a further component. Stich an 
inert solvent must have a boiling point at 
least 25 -C higher (S.T.P.) than the product 
acid and ester. Inert solvents within the pre- 85 
sent category* include parafiin hydrocarbons of 
from 10 to 30 carbon atoms, aromatic hydro- 
carbons of from 12 to 40 carbon atoms, 
organic acids c5 from 3 to 20 carbon atoms, 
and esters composed of the aforesaid acids in 90 
combination with the alcohol feedstock under- 
going carbonylation, and also orthophosphorus 
and onhosilicon alkoxy esters in which the 
alkoxy group has the same number of carbon 
atoms as the alcohol feedstock undergoing car- 95 
bonvlation, as well as the chlorine, bromine, 
and iodine containing derivatives of all of the 
above said solvents. The following list exempli- 
fies such solvents: dodccane, hexadecane, 
naphthalene, biphenyl, propionic acid, octanoic 100 
acid, phthalic acid, beni:o:c acid, dioctyl 
phthalate, dimethyl phthalate, ethyl benzoate, 
didecvl phthalate,' dimethyl adipate, triphenyl 
phosphate, iricress>'l phosphate, dibut\'lphenyl 
phosphate, tetramethyl orthosilicate, tetrabutyl 105 
onhosilicate, chlorcnaphthalene and chlorinated 
biphenvls. 

The inert solvents, as described, refer to the 
actual molecular species w^hich are present in 
the carbonylation reaction mixture. Conse- 110 
quentlv, modified derivatives may be charged 
initiallv, for example, an ester having a number 
of carbon atoms which is greater or less than 
the aforesaid ranges by one, two or more 
carbon atoms. Under reaction conditions in 115 
the presence of the feedstock alcohol, such 
esters undergo ester interchange to equilibrium 
species which are within the above ranges. 

Another embodiment of the process utilizes 
a high-boiling, inert solvent such as dimethyl 120 
phthalate as ^described above, with the rela- 
tively high proportion of the alcohol, together 
with the aaive iridium catalyst component and 
the promoter. In this embodiment, particularly 
suitable for use with a gas-sparged reaaor 125 
svstem, the feed is a liquid such as methyl 
alcohol with the carbon monoxide introduced 
in gaseous form. The product stream is then 
removed as a vapor containing methyl acetate 
as the principal component. In this embodi- 130 
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ment of the invention no diqiaid is withdrawnj 
so that a discmct advantage exists 'because of 
the elimination of catalyst handling; and con- 
sequently a minimization of catalyst losses. 

5 The vapor stream leaving the reactor is then 
condensed; it contains tOie methyl -acotate which 
is recovered from the liquid condensate by dis- 
tillation, and a 'smalL proportion of acetic acid 
which is recycled. The methyl acetate is hydro- 

10 lyzed with water or steam to yield acetic acid 
as the major product while the methanol 
resulting from the hydroflysis of the ester is 
recycled. 

Another embodiment of the invention is 
15 based upon the use of the carbonylation re- 
action as described herein for the purification 
of (hydrogen streams containing small percent- 
ages, e.g., 0.1 to 10 percent carbon monoxide 
by volume. Such a gas 'Stream when available 

20 in an industrial plant is often desirable as a 
source of pure hydrcgenj but is very difficult to 
free from carbon monoxide. The -present pro- 
cess based upon the use of a noble metal cata- 
lyst is readily adaptable to this purification 

25 since the carbon monoxide in such a gas mix- 
ture readily undergoes reaction with an 
alcohol, for example, butyl alco'hol to yield 
pentanoic acid. Because of the completeness of 
ireaction^ the carbon monoxide is completely 

30 removed from the gas mixture while the 
'hydrogen is unreacted, and is easily separated 
as a pure stream of 'hydrogen gas. This em- 
bodiment of the invention using u noble metal 
catalyst, i.e., iridium, platinum, palladiuLm, 

35 osmium or ruthenium catalyst, represents a 
major improvement over earlier carbonylation 
catalysts such as cobalt ccmpounds. The cobalt 
compounds cannot tolerate the presence of 
hydrogen since the 'hydrogen also reacts with 

40 the acid and ester products, being catalyzed 
by the co^balt compounds. Consequently, a 
major redistribution of products with the pro- 
duction of different, bigher acids, alcohols and 
aldehydes occurs when using cobalt catalysts. 

45 The noble metal catalysts of the present in- 
vention are characterized by an unusually higli 
degree of specificity for the catbonylation reac- 
tion, e.g., the reaction of alcohols with carbon 
monoxide to obtain a carfco-xylic acid. Such 

50 control over tlie various competing reactions 
to obtain the carboxylic acid in high yield is 
surprising -since other metail catalysts do not 
show such specificity for this reaction. The 
iron group metals such as iron, cobalt and 

55 nickel differ from the present noble metal 
catalysts, i.e., iridi-mn, platinum, palladium, 
osmium and ruthenium, in that the iron group 
metals simultaneously catalyze the hydrogena- 
tion reactions to a very high degree. Conse- 

60 quently, the products obtained include the next 
higher alcohols as well as aldehydes and carb- 
oxylic acids having 2 or more carbon atoms 
than the starting alcohols. Furthermore, the 
iron 'group catalysts, particularly cobalt, re- 

65 quire a far higher carbon monoxide partial 



pressure to remain stable. When moderate 
pressures, e.g., less than about 2000 psig carbon 
monoxide partial pressure are employed, at a 
temperature of 175*=*C, the cobalt catalyst is 
found to plate out or decompose to the free 70 
metal which plates on the 'walls of the reactor 
and is thus lost as a catalyst. 

Another distinction of .the noble metal cata- 
lysts over the cobalt catalysts is the elimina- 
tion of undesirable gaseous byproducts, in- 75 
eluding carbon dioxide and methane which are 
obtained as a result of the water-gas shift re- 
action catalyzed by cobalt. Furthermore, signi- 
ficant quantities of the undesirable byproduct, 
dimethyl ether, are also formed in the pre- 80 
sence of the cobalt catalyst system, as shown 
in Examples 3 and 4 below. This ether com- 
pound attains a very high partial pressure a;t 
the reaction conditions employed, and necessi- 
tates the 'use of a high total pressure reaction 85 
system to ^maintain ihe necessary partial pres- 
sure of carbon monoxide for reaction to form 
carboxylic acids, e.g., 2000 psig total pres- 
sure for 750 psig carbon monoxide partial 
pressure, at a reaction temperature of 175°C. 90 

For a better omderstanding of the process 
of the present invention specific embodiments 
of the process ^l^e presented below. These ex- 
amples and illustrations are not to be construed 
in any way limiting to the scope of the inven- 95 
tion. 

The drawings, forming u part of the P'T*esent 
specification also illustrate certain embodiments 
of the invention. Figure 1 sfhows i?he liquid 
phase embodiment, while Figure 2 shows the 100 
vapor phase embodiment of the invention. Fig. 
1 illustrates a process wherein the carbon mon- 
oxide is introduced into tlie reactor 3 through " 
line 1 and is sparged into the liquid solution 
in^ the reactor. The gas stream may also con- 105 
tain components which are inert to the reaction 
such as hydrogen, nitrogen and methane, in 
addition tO' the caribon monoxide. A reactor 
containing 2000 gallons of liquid scilution has 
a concentration of 5 x 10"^ moles/liter of no 
chlorocarbonylbistriphenylphosphine iridium(I) 
and 0.6 moles/liter iodide, e.g., as methyl 
iodide. Through this liquid reaction medium a 
normal gas rate is 85 ib/min carbon monoxide. 
The reactor operates at 200°C and 500 psig 115 
pressure. The liquid feed to the reactor is in- 
troduced through line 2. The feed consists of 
a methanol feed stream used to scrub the 
effluent gas (line 23), a catalyst recycle stream 
(line 42), a irccycle stream containing principal- 120 
ly methyl acetate, unreacted methanol, and 
methyl iodide (line 45), and a make-up stream 
to maintain the catalyst and iodide concentra- 
tion in the reactor (line 43). 

The gaseous reactor effluent exits through 125 
line 4, is cooled to about lO^C in exchanger 
5, and goes to high pressure separator 10. The 
condensed liquid from separator 10 is re- 
moved through line 11; tlie pressure is let 
down through valve 12, and the liquid then 130 



12 



1-234.641 



10 



15 



20 



25 



30 



35 



40 



45 



50 



55 



60 



65 



goes to low pressure separator 17. Ihc gas 
leaving the low pressure separator 17, thro:^?h 
line 14, consisting principally o-f carbon mon- 
oxide, methyl iodide, meihanc!, and mcvhyi 
acetate, mixes wi:h the gas effiiicnt from the 
high pressure separator ';!ine 13; which is 
principallv carbon monoxide, and enters the 
mcihanorscrubber 25 through line 20. In the 
scrubber, 25, feed methanol introduced vhrougn 
line 22 at a rate of about SO Ib/min is used 
to remove the small amount of mevhyl iodide, 
methvl acetate, and acetic acid from the gas 
before it leaves the system. The efllueni gas 
exiting through line 21 may either be re- 
cvcled or if the inert gas content is high, it 
may be vented or burned. The me:hanol is 
removed from scrubber 25 through line 23 
and introduced to the reactor as line 23 after 
being pressured through pump 24. 

The liquid effluent from reactor 3 is re- 
moved from the reactcr through line 6, After 
pressure let down valve the liquid elTiiicnt 
is inircduced into diF.iiilation or tla<h column 
30 where the lower boiling compounds are 
separated from acetic acid and the other less 
volatile components such as rhe catalyst system. 
The lower boiling components consisting prin- 
cipally of methvl acetiire, methyl iodide, and 
unreacted methanol exit through hue 31 and 
mix with the condensed phase frcni the low 
pressure separator in line 15 which also con- 
tains these low boiling compounds. This mixed 
stream of line 15 and 31 is compre^^cd by 
pump 16 and recycled to the reactor as hne 

The acetic acid and other higner bojling 
compounds are removed as line 32 from 
column 30 and enter distillation or liash 
column 40. In this column acetic acid whica 
mav contain water is separated from ihe other 
high boiling components, principally com- 
prised of rhe cataivst. Tlie acetic acid product 
is withdravMi as Hne 41 and may be further 
purified to remove vrater. The high btuling 
components exit through line 42 and are 
brought up to reactor pressure by pump 4-t. 1. 
no component higher boiling than acetic acid, 
such as a high boiling solvent, is present, then 
some acetic acid may be recycled thiougn line 
42 to return the catalyst to the reactor. A 
small liquid purge stream may be withdraAvn 
as line 46 to prevent build-up of higher bou- 
ina compounds. After removal of impurities 
from line 46, the catalyst recovered ma>- be 
added to the make-up stream 'line 43;. 

The process of the present invention niay be 
operated cither as a batch or as a conunuou'.; 
.process. In batcli operation the reaciants^ are 
char-ed into the liquid catalyst solnuon. wnich 
is then subjected to the desired temperature 
.^nd pressure conditions, after which the pro- 
ducts are separated from the reaction mixture 
In a continuous process which is described 
above, the catalyst is mainiained m liquid 
state, with the reactants being contmuously 



supplied to the reaction zone containing the 
catalvsi at the desired temperature and pres- 
sure. Thj products are continuously with- 
drawn, cither in the vapor state or as de- 
scribed above by withdrawing a portion of the 
caialvst solution alf-O containing unreacted feed, 
equil'ibrium componen:s, and the desired pro- 
duct, which are then separated from the cata- 
lyst solution to permit recycling of catalyst 
solution, unreacted feed and also equilibrium 
components. 

In order to show the vapor phase embodi- 
ment of the invention Figure 2 illustrates a 
process wherein the carbon monoxide is intro- 
duced bv line 101 into the reactor 103 con- 
taining the supported noble metal catalyst. 
The ^as stream may also contain components 
which" are inert to the reaction, such as hydro- 
uen. nilro^en and methane, in addition to the 
carbon monoxide. The reactor 103 contains 
LOGO pounds of a catalyst composed of 
activated carbon of :[-inch particle size, con- 
taining 1' by weight of a noble metal com- 
ponent calculated as elemental noble metal and 
prepared as discussed above. 

The normal gas rate to the reaaor 103 is 
N5 Ib/min of carbon monoxide. The reactor 
operates at 2"5'^C and 100 psig pressure. Line 
102 serves to introduce methanol feed plus re- 
cycled methyl acetate, unreacted methanol and 
methvl iodide. 

Tlie gaseous reactor etliuent exits through 
line 104 and is used to preheat the feed in 
exchanger 106. Line 104 is further cooled in 
exchanger 105 and goes to high pressure 
separator 10. The condensed liquid from sepa- 
rator 110 is removed through line 111 the 
pressure is let down through valve 112 and rhe 
liquid then goes to low pressure separator 117. 
The aas leaving the low pressure separator 117, 
throii^h line ^114, consisting principally of 
catbo'n monoxide, mcihyl iodide, methanol and 
methvl acetate, mixes with the gas effluent 
from' the high pressure separator line 113 
wiiich is pri^ncipaily carbon monoxide, and 
enters the mcthanol'scrubber 125 through line 
120. In the scrtibber 125, feed methanol in- 
troduced through line 122 at a rate of about 
SO Ib/min is used to remove the small amount 
c: meihyi iodide, methyl acetate, acetic acid, 
and other volatile components from the gas 
before it leaves the system. The effluent gas 
exitinix through line 121 may cither be recycled 
or, if "the inert gas content is high, it may be 
venred or burned. The feed methanol and 
recovered components are removed from 
scrubber 125 through line 123. 

The liquid etTIuent from separator 117 is 
removed through line 115. This effluent is 
introduced into distillation column 130 where 
the lower boiling compounds are separated 
from acetic acid. The lower boi'ling components 
consisting principally of methyl acetate, methyl 
iodide, unreatncd methanol, and other volatile 
components, exit through line 131 and mix 
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with the liquid effluent from the scrubber, line 
123 to ibeconie line 126. 

The acetic acid and other hig'Jier boiling 
compounds are remo-ved as line 132 from 

5 column 130 and enter distillation column 140. 
In this column acetic acid which may contain 
water is separated from the other high boiling 
components. 

The acetic acid product is withdrawn as line 

10 Hlj and this product may be further purified 
to remove water. The high ibc-iling components 
exit through line 142 and mix with line 126 
to become the reactor .feed, line 102, aifter 
ibeing pressured through pump 124 and pre- 

15 'heated in exchanger 106. A -small liquid purge 
stream may be withdrawn as line 146 to pre- 
vent build-up of high boiling compounds. 

The process of the present invention may 
be opera-ted eitlier as a batch or a continuous 

20 process. The present solid .catalyst may be em- 
ployed as a fixed or fluid bed. The reactor 
may consist o-f a series o-f catalyst beds with 
interstage cooling between the beds or the 
catalyst may be placed in tubes with a heat 

25 exchange medium around the tubes. These 
tubes containing catalyst may be run in paralilel 
or series. The metal content of the catalyst may 
be varied through the reactor to provide 
operating advantages. A bed of the catalyst 

30 support, per se, without metal components, 
may also be used so that the gas stream passes 
through such a bed in order to pick up any 
catalyst swept out of the reactor. It Is also an 
embodiment of the invention to use either up- 

35 flow or down-flow o-f the reactants through the 
reactor, with periodic reversal o*f tihe gas 
stream also being contemplated, to provide 
operating advantages such as maintaining a 
clean catalyst bed. 

40 An alternate embodiment includes the use of 
a reactor in which liquid^ gas, and solid phases 
are present, e.g., trickle or slurry type. The 
solid consists of a stable supported noble metal 
component such as zero valent noble metal on 

45 a carrier, which is stabilized against dissolution 
by the liquid phase components condensed 
under pressure. The gas phase then comprises 
chiefly carbon monoxide. 

In order to illustrate the present invention, 

50 specific embodiments of the process are pre- 
sented below. These examples and illustrations 
are not to be construed in any way limiting to 
the scope of the invention. It should be noted 
■that most of the examples are generally held 

55 at a low conversion level in order to bring out 
comparisons cf the various factors. 

In a preferred method of catalyst prepara- 
tion, the noble metal component is dispersed 
upon an inert support and the promoter is sub- 

60 sequently added in the reactor feed. 

In another method, the supported catalyst 
• containing both noble metal and halogen pro- 
moter components is performed prior to charg- 
ing the reactor. 



Example 1 65 
A batch reactor is charged with the follow- 
ing ingredients: 0.554 grams of an iridium 
compound having die formula IrClo, 28.8 
grams of a promoter consisting of "methyl 
iodide, CH3I, 196.9 grams of acetic acid as a 70 
solvent, and 79 .grams of methanol as feed- 
stock. 

The reactor is pressurized with carbon mon- 
oxide to a total pressure of 1000 psig, corres- 
ponding to a carbon mo-noxide partial pressure 75 
of about 800 psig, at the reaction temperature 
of 175°C. The ireaction is carried out at a 
constant pressure to yield a solution containing 
the foi'lowing distribution of products : 

87.5 wt 7, Acetic Acid 80 
4.6 wt % Methyl Iodide 
8.9 wt % (Catalyst, etc.) 

The selectivity to the formation of die 
desired acetic acid product is greater than 
95% at substantially 100% conversion of 85 
methanol. No substantial amounts of bypro- 
ducts such as aldehydes, dimethyl ether, higher 
toiling carboxylic acids, methane, or carbon 
dioxide^ are formed. I'the time required for 
50"/. of the methanol to be converted to acetic 90 
acid is 82 minutes. The present experiment as 
well as the other examples, is carried out at a 
slow rate in order to permit a study of the 
mechanisni of die reaction. However, when the 
rates are increased to those oif a ccmmcrcial 95 
unit, high selectivity and conversions are also 
obtained. 

When this experiment is conducted with the 
equivalent molar quantity of cobalt chloride 
Tnstead of iridium chloride as the catalyst, the 100 
selectivity and yield cf the desired acetic acid 
product are decreased significantly. It has been 
found that cobalt catalysts differ radically from 
iridium catalysts in that the cobalt catalysts 
also cause hydrogenation reactions such as 105 
hydrogenation Otf the desired carboxylic acid 
product to aldehydes and alcohols of the same 
number of carbon atoms. Consequently, the 
use of cobalt catalysts results in the substan- 
tial production of various imdesirable bypro- 110 
ducts including ethanol, acetalde'hyde, and the 
next higher caibon number carboxylic acid, 
e.g., propionic acid. Another distinction of the 
iridiuni catalysts over the cobalt catalysts is 
the elimination of undesirable gaseous by- 115 
products, including carbon dioxide and 
methane which are obtained as a result of 
the water-gas shift reaction catalyzed by cobalt. 
Furthermore, significant quantities of the un- 
desirable byproduct, dimethyl ether, are also 120 
formed in the presence of the cobalt catalyst 
system, as shown in Examples 3 and 4 below. 
This ether ccmpo-und attains a very high 
partial pressure at the reaction conditions em- 
ployed, and necessitates the use of a high total 125 
pressure reaction sj'-stcm to maintain the neces- 
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sarv partial pressure of carbon monoxide for 
reaction to form carboxylic acids, e.g., 2000 
psig total pre^ssure for 750 psig carbon mon- 
oxide partial pressure, at a reaction tenipera- 

5 lure of 175"C. 

Still another distinction of the iridium cata- 
lysts compared to the cobalt catalysts is the 
fact that lower carbon monoxide partial pres- 
sures can be used without encountering metal 

10 plating. Thus metal plating or decobalring 
occurs" in Example 4 at 2100 psig carbon mon- 
oxide partial pressure, with increasing platmg 
out at lower pressures. In contrast, iridium 
caialvsts do not plate out metal even at 150 

15 psig carbon monoxide partial pressure. 

Example 2 
A batch reactor is charged with the follow- 
ing ingredients: 1.17 grams of an iridium 
complex (coordination compound) havmg the 

20 formula Ir(COXl [P(C. H-,}:: j „ 28.S grams of a 
promoter consisting of methyl iodide, CH;.! 
.'ratio of promoter halogen to iriditmi atoms 
about 140: 1), 196.9 grains of acetic acid as a 
solvent, and 79 grams of methanol as feed- 

25 stock. 

The reactor is pressurized with carbon mon- 
oxide to a total pressure of 1000 psig, corres- 
ponding; to a carbon monoxide partial pressure 
of about SOa psig, at the reaction temperature 
30 of 175 ■'C. The "reaction is carried out at a 
constant pressure to yield a solution containing 
the following distribution of products : 



35 



93.80 \\x V: Acetic Acid 
2.30 wt .Methyl Iodide 
3.90 wt (Catalyst, etc.) 



Selectivity to the formation of the desired 
carboxvlic acid product is greater than 95 /. 
at substantiallv 100 / conversion of methanol. 
Xo substantial amounts of b\-producrs such as 
40 uldehvdes. dimethvl edier, higher boiling 
carboxvlic acids, methane, or carbon dioxide 
are formed. The time required for ^0/ of 
the methanol to fc^e converted to acetic acid is 

200 minutes. , ^ . u 

45 This example dcmonsu-ates the effect tvf the 
use of an iridium complex as catalyst instead of 
a simple iridium salt as compared with Ex- 
ample 1. 

Example 3 

50 This example demonstrates that cobalt car- 
bonvl is a far less effective catalyst system 
than the present svsiem of iridium compounds. 
A batch reactor is charged with the following 
ingredients: 2.5S grams of cobalt carbonyl, 

55 28.S grams of a promoter consisting of CHnl, 
165 <n:ams of benzene as solvent, and 79 grams 
of methanol feedstock. The reactor is initially 
pressurized with carbon monoxide to a total 
pressure of 1000 psig (750 psig carbon mon- 

60 oxide partial pressure) at the reaction tempera- 
ture of 175 ^C. The reaction is carried out at a 
constant pressure. More than 50 mole % of 



the methanol feedstock is converted to dimethyl 
ether. Water and a trace amount of methyl 
acetate are also produced. No acetic acid is 65 
obtained. 

Example 4 
This example demonstrates that cobalt salts 
are relativelv poor catalysts for the production 
of acetic acid from methanol even when higher 70 
pressures of caitK)n monoxide and h'igher tem- 
peratures are employed. A batch reactor is 
charged with the follou'ing ingredients: 1.57 
grams of Co(aH::0.)..4H.O, 3.81 grams of 
iodine as a promoter, and 237 granis of 75 
methanol feedstock. The reactor is initially 
pressurized with carbon monoxide to a total 
pressure of 2500 psig (2000 psig carbon mon- 
oxide partial pressure) at the reaction tempera- 
ture of 195*^0. Rapid decomposition of the 80 
cobalt catalyst to cobalt metal (plating out) 
occurs. Analysis of the reaaion mixture shows 
diat more than 60 mole 7. of the methanol 
feedstock is converted to dimethyl ether. A 
considerable amount of water is also produced, 85 
and less than 5 mole % of the methanol feed- 
stock is converted to methyl acetate and acetic 
acid. 

Exa.mple 5 

This example demonstrates that a conapound 90 
of iridium in complex combination with tri- 
phenylphosphine in an inert solvent and in the 
presence of additional triphenylphosphine 
ligand is a reactive catalyst. 

A batch reactor is charged with the follow- 95 
ing ingredients : 1.17 grams of an iridium com- 
plex having the formula [(C.-H^.tPJ JfC*^^' 
19.6 grams of triphenylphosphine ligand, 
rC,H-) 'P. 57.5 grams of a promoter consisting 
of CH J, 154 grams of benzene as solvent, and 100 
79 grams of methanol feedstock. The reactor 
is pressurized with carbon monoxide to a total 
pressure of 1000 psig (carbon monoxide panial 
pressure about 750 psig) at the reaction tem- 
perature cf 175°C. The reaaion is carried 105 
out at constant pressure to yield a solution 
containing the following distribution of pro- 
ducts (exclusive of solvent): 



8S.3 wt y. Acetic Acid 
11.7 wt Methyl Iodide 



110 



Seleaivit>' to formation of the carboxylic 
acid product is greater than 95% 
at substantiallv 100/ conversion of methanol. 
No substantial amounts of b\i>roducrs such as 
aldehydes, dimethyl ether, higher boiling 115 
carbo.xvlic acid, methane and carbon dioxide 
are detected bv gas chromatography. The time 
required for 50% of the methanol to be con- 
verted to acetic acid is 113 minutes. 

•Example 6 120 
A batch reactor is charged with the follow- 
ing ingredients : 1 . 17 grams of an iridium com- 
plex having the formula IrCOCI[P(QH5)3 1 
18 grams of water, 33.6 grams of a promoter 
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consisting of potassi'iim iodide, KI (ratio % 
I/Ir about 143: 1) 178.5 grams of aceoic acid 
as a solvent, and 79 grams of methanoil as 
feedstock. 

Tiie reactor is pressurized with carbon mon- 
oxide to a total pressure of lOOO psig, corres- 
ponding to a carbon monoxide partial pressure 
of a'bout 800 psig, at the reaction temperature 
of 175°C. The reaction is carried out at a 
constant pressure to yield a solution containing 
the following distri'bution oif products : 

88.7 <\vt % Acetic Acid 
3.3 iwt % Methyl Iodide 
8.0 ^vt % (Catalyst^ etc.) 

Selectivity to the forma'tion of the desired 
carboxylic acid product is greater than 95% 
at substantially 100% conversion of methano]. 
No 'Subatantial amounts of byproducrs such as 
aldehydes, dimethyl, ether, higher boiling 
caTboxylic acids, methane, or carbon dioxide 
are formed. The time required for 50% of 
the methanol to converted to acetic acid is 
181 minutes. 

When potassium ibromide, or hydrobroniic 
acid at equivalent molar concentrations is used, 
a similar result is obtained except that tlie 
reaction rate is somewhat slower. This ex- 
ample demonstrates the effect cif using a 
'bromide or dodide compound as the source of 
promoter halogen. 

Example 7 

A batch reactor is oharged with the follow- 
ing ingredients: 0.554 grams oif an iridium 
compound having the formula IrClo, 57.5 
grams of a promoter consisting of methyl 
iodide, CH3I, and 215 'grams of a methanol 
feedstock containing 10 wt % dimethylether. 

The reactor is pressurized with carbon mon- 
oxide to a total pressure of 1000 psig, corres- 
ponding to a carbon monoxide partial pressure 
of aibouit 700 psig^ at the reaction temperature 
of 175°C. The reaction is carried out at a 
constant pressure to yield a solution containing 
the following distribution oif products : 

83.5 wt % Acetic Acid 
4.7 wt % Methyl Iodide 

12.8 wt % (Catalyst, etc.) 

Seleotivity to the formation of the desired 
carboxyLic acid product is greater than 95% 
at substantially 100% conversion of methanol. 
No ^substantial amounts of byproducts such as 
aldehydes, dimethyl ether, higher boiling 
cairboxylic acids, methane, or carbon dioxide 
are formed. The time required for 50%^ of 
the methanol to :be converted to acetic acid is 
69 mi'nutes. 

This example demonstrates the effect of an 
•impure alcohol feedstock having ether in the 
alcohol. Thus the commercial alcohol ether 
product from a methanol plant is sho^vn as 



having no deleterious effect on the reaction as 
compared with Examples 1. 

Example S 

A batch reactor is c^harged with the 
following ingredients: 1.17 grams of an 65 
iridium compound having the formula 
Ir(CO)Cl[P(C,H.)3]2. 1.228 grams of addi- 
tional trip he nylphosphine ligand, 28.8 grams of 
promoter consisting of methyl iodide, CHal, 
25.6 grams of acetic acid, 36.8 grams of water, 70 
49.1 gram of methanol, and 151.2 grams of 
methyl acetate, which corresponds to the equi- 
libriimi concentrations of the ester and water 
components imder the reaction conditions em- 
ployed. The reactor is pressurized with carbon 75 
monoxide to a total pressure of 1000 psig, 
corresponding to a carbon monoxide partial 
pressure of about 750 psig, at the reaction 
temperature of 175^C. The reaction 
is carried out at a constant volume 
until substantially all of rhe carbon monoxide 
•is reacted (final reactor pressure about 250 
psig, corresponding to substantially zero pardal 
pressure of carbon monoxide because of the 
complete reactio^n of carbon monoxide). ^5 

The reaction product distribution which is 
obtained has substantially -the same methyl 
acetate and water concentrations as initially 
charged; however, 58 wt % of tihe metihanol 
charged to the reactor is converted to acetic 90 
acid. 

No substantial amounts of byproducts such 
as aldehydes, dimethyl ether, higher boiling 
carboxylrc acids, methane or carbon dioxide 
are formed. The time required for substan- 95 
tially all of the carbon monoxide to be reacted 
with methanol and thus converted to acetic 
acid is 120 minutes which corresponds to a 
space-time yield (STY) of about 1.5 moles ' • 
of product/liter of catalyst solution/hour. The 
rate of carbon monoxide conversion is changed 
by a factor of less than 2 over this total con- 
version range. It is also noted that the rate " 
parameters of -this, and t«he other examples is 
obtained v/hen using a rate sufficiently low 
to permit a study of the reaction mechanism. 
However, when the rates are increased to tiiose 
of a commercial unit, the same 'high selectivity 
and conversions are maintained. 

This example demonstrates the process con- 
cept of operating a continuous reactor to ^pro- 
diice acetic acid from methanol wfhile main- 
taining equiilibrium recycle streams of the ester 
(methyl acetate) and water, and resulting in a 
net conversion of the methanol feedstock to 115 
the desired acetic acid product while main- 
taining the said equilibrium conditions. 

Example 9 
A batch reactor is dharged with the fo-Uow- 
ing ingredients : 1 . 1 7 grams of an iridium com- 120 
pound having the formula [(C.H,)^?] JrCOCl, 
51 grams of promoter consisting of aqueous 
57% hydriodic acid, 179 grams of benzene as 
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a solvent, and 100 grams of 1,4-buianedioI as 
feedstock. The reactor is pressurized with 
carbon monoxide to a torai pressure of ,^00 
psig, corresponding to a carbon monoxide 

5 partial pressure of about 425 psig, at the reac- 
tion temperature of 195-C. The reaction is 
carried out at a constant pressure to y:eld a 
solution containinj; the following distribution 
of products: 30.7' wt adipic acid, 69.3 wt 

10 (catalvst, etc.). No substantial amounts of 
b\i>roducts such as aldehydes, ether, higher 
boiling carboxyh'c acids, paratlins or carbon 
dioxide are formed in adding 1 CO group at 
each OH group. 

15 Example 10 

A batch reactor is charged with the follow- 
ing ingredients : 1.17 grams of an indium com- 
pound having the formula [(C. H .) T I TrCOCL 
51 grams of a promoter consisting of aqueous 

20 57% hydriodic acid, 150 grams cf benzene 
as a solvent, and 82 grams of heptanol as 
feedstock. The reactor is pressurized with 
carbon monoxide to a total pressure of 500 
psie, corresponding to a carbon monoxide 

25 partial pressure of about 425 psig, at the reac- 
tion temperature of 175^C, The reaction is 
carried out at a constant pressure to yield a 
solution containing the following distribution 
of products: 



30 



32.5 wt -/ Octanoic Acid 
67.5 wt ;/ (Catalyst, etc.) 



No substantial amounts of byproducts such 
as aldehydes, ethers, higher boiling carboxyhc 
acids, paraffins or carbon dioxide arc formed. 
35 This example demonstrates the ability of the 
catalyst system to carbonylate long chain 
alcohols. 

Example 11 
A batch reactor is charged with the 

40 following ingredients: 1.17 grams of an 
iridium compound having the formula 
Ir(CO)Cl[P(C,H. 28.8 ^grajns of a pro- 
moter consisting of methyl iodide, CHJ, 72 
grams of acetic acid as a solvent, and 167 

45 grams of methanol as feedstock, which upon 
equilibration is equivalent to about the same 
alcohol/ester feed ratio of 3.4 as in Example 
25. 

The reactor is pressurized with carbon mon- 
50 oxide to a total pressure of 500 psig; corres- 
ponding to a carbon monoxide partial pressure 
of about 250 psig, at the reaction temperature 
of 175-C. The reaction is carried out at a 
constant pressure to yield a solution containing 
55 substantiallv the same product distribution 
as in Example under simliar reaction con- 
ditions. 

In. accordance with the criteria set forth 
•herein, the produa distribution is controlled 
60 bv the alcohol/ester feed ratio after equilibra- 
tion even when the initially charged feed con- 
tains organic acid and alcohol instead of the 



85 



preformed ester of the tw^o compounds. Con- 
sequently the product distribution is a mixture 
of acid and ester products in accordance with 65 
the alcohol/ester ratio range of 2 to 10. 

Example 12 

A batch reaaor is charged with the 
following ingredients: 1.17 grams of an 
iridium compound having the formula 70 
Ir:CO)CUP(C,H^):;|.:, 28.8 -grams of a pro- 
moter consisting of methyl iodide, CH:J, 30 
grams of acetic acid as a solvent, and 210 
grams of methanol as feedstock, which is 
equivalent to an alcohol to ester ratio of about 75 
12 after equilibration. 

The reactor is pressurized with caibon mon- 
oxide to a total pressure of 500 psig, corres- 
ponding to a carbon monoxide partial pressure 
of about 250 psig, at the reaction temperature 80 
of 175''C. The reaction is carried out at a 
constant pressure to yield a solution having the 
following composition: 

49.7 wt :/ Methyl Acetate 

6.3 WT % Acetic Acid 

5.4 wt 7, Methyl Iodide 
16.5 wt % (Catalyst, etc.) 
22.1 w^t Methanol 

Selectivity' to the formation of the desired 
ester product is about 87% at about 67% 90 
conversion of methanol. No substantial amotints 
of b\-products such as aldehydes, dimethyl 
ether, higher boiling carboxylic acids, methane, 
and/or carbon dioxide are formed. The time 
required for the reaction is 185 minutes. The 95 
product distribution of a high proportion of 
ester is in accordance with the criteria set 
forth herein for an alcohol/ester feed ratio 
greater than 10, and a methanol conversion of 
less than 90%. 100 

In this example after equilibration of the 
initiallv charged feed mixTure, the solution 
contains about 37 grams of methyl acetate, 196 
arams of methanol and only about 0.5 grams 
of acetic acid. After the reaction, the solution 105 
contains about 150 grams of methyl acetate 
and 19 grams cf acetic acid which corresponds 
to a net production of 122 grams of methyl 
acetate and 18.4 grams of acetic acid. 

EX.\MPLE 13 HO 
This example illustrates one of the methods 
of catalyst preparation. A solid supported 
catalvst containing a palladium component dis- 
persed upon an inert support is prepared in 
the following manner: 0.53 grams of pal- 115 
ladiiun chloride having the formula PdCl-j is 
dissolved in 15 ml of water as solvent. The 
resulting solution is added to 10 g of a sup- 
port consisting of 12 — 30 mesh high surface 
area carbon. 120 

The mixture is dried at 25 "^C in air for 
S to 16 hours and then vacuum dried at llO^C 
for 8 to 16 hours. The catalyst is then cal- 
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cined in nitrogen at 275°C for one hour. 
The supiported catalyst (10 mil) is charged into 
an 18-inch Pyrex glass vertical reactor 30 mm 
in diameter. The resulting cata'Iyst bed, 2 am 
5 in depth, is covered -witih 100 ml of inert pack- 
ing as a preheater. The process conditions and 
results are s;hown in Table 1 along wiili other 
data. 

The reactor effluent contains the desired 
10 car'boxylic aoid product, including ^the ester of 
fthe acid product and ailcohol feedstock, water 
and unreacted alcohol^ caifcon monoxide and 
promoter. The ■selectivity of aicoliol conversion 
to the desired cai^boxylic acid and its ester is 
15 essentially 100%. Chromatographic analysis 
indicates that no substantial production of by- 
products such as aldehydes, hiigher boiling 
carboxylic acids and/or alcohols, methane or 
carbon dioxide occurs. 
20 When this experiment is conduaed in sepa- 
rate tests with the equivalent molar quantity 
of cobalt chloride, only trace proportions of 
acetic acid are obtained (together with some 
higher acids and esters). 



Examples 14 — 23 25 
The catalysts in Examples 2 — 10 are pre- 
pared by the method described above. The 
evaluation results for catalysts prepared from 
a variety o'lf compoimds and with various sup- 
ports are shewn in Table 1, with the catalyst 30 
compositions and reaction conditions. 

Effective cairbonylation catalysts may also be 
prepared from simple noble metal salts dis- 
persed upon inert supports in which the noble 
metal components arc subsequently reduced to 35 
the zero valent state witli 'hydrogen or other 
suitable dhemical reducing agents. Significant 
increase in reactivity occurs at higher tem- 
perature and/or pressure, e.g., uip to 700 psia 
and even more, Avith no ill effect on the sup- 40 
ported noble metal catalyst system. By cit- 
able adjustment of operating conditions, pro- 
ductivity of carbonylated product (carboxylic 
acid p^lus carlDOxylate portion of ester) is ap- 
preciably erihanced. The catalyst life of the 45 
above catalyst is greater than 500 hours. 
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Example 23 
This example illustrates catalyst preparation 
using another met^hod. A solid 'Supported cata- 
lyst containing a noble metal component dis- 

5 persed upon an inert support is prepared in 
the following manner: 2.5 igrams of iridium 
chloride trihydrate, having the formula IrOla, 
is dissolved in 50 ml of 3 M aqueous acetic 
acid as solvent. The solution is warmed to 

10 80*^ C and carbon monoxide is bubbled through 
the solution until a pale yellow color is Ob- 
tained. Then the solution is cooled and 5.0 ml 
of aqueous 57 wt. % HI is added to the solu- 
tion of iridium compound. Subsequently, the 

15 resulting solution containing both the iridium 
precursor and halogen promoter components 
is added to 25 g. of a support consisting of 
12 — 30 mesh 'high surface area carbon. The 
mixture is vacuimi dried at 80° C for 8 to 16 

20 hours. The catalyst is then preheated in nitro- 
gen at 200*^0 for one 'hour. 

The supported catalyst (10 ml) is charged 
into an 18-inoh Pyrex glass vertical reactor 
30 mm in diameter. The resulting catalyst bed, 

25 2 cm in depth, is covered with 100 ml of inert 
packing as a preheater. The process conditions 
are similar to those shown in >the headnote in 
Table 1 and the conversion obtained is similar 
to that found in die iridium run^ Example 3. 

30 Example 24 

A batch reactor is charged with the follow- 
ing ingredients: 11.5 grams of a palladium 
complex (coordination compound) having, the 
ifonnula [(n— CiHg)^^] oPdIo, 28,8 igrams of a 

35 promoter consisting of methyl iodide, CH3I 
(ratio of promoter halogen to thodium atoms 
about 140: 1), 196.9 grams of acetic acid as a 
solvent, and 79 'grams of methanol as feed- 
stock. 

40 The reactor is pressurized with carbon mon- 
oxide to a total pressure of 1000 psig, corres- 
ponding to a carbon monoxide partial pressure 
of about 800 psig, at the reaction temperature 
of 175 °C. The reaction is carried out at a 

45 iconstant pressure to yi^ld a solution containing 
the f ollov^ing distribution of products : 

•86.92 wt % Acetic Acid 
3:46 wt % Methyl Iodide 
9.62 wt % (Catalyst, etc) 

50 Selectivity to the formation of the desired 
carboxylic acid product is greater than 95% 
at siibstantially 100% conversion of methanol. 
No substantial amounts of byproducts such as 
aldehydes, dimethyl ether, liigjier boiling 

55 carboxylic acids, methane, or carbon dioxide 
are formed. The time required for 50% of 
tihe methanol to be converted to acetic acid is 
11.2 hours. The present experiment as well 
as the other examples, is carried out at a 

60 slow rate in order to permit a study of the 
medianism of tihe reaction. However, wben the 
rates are increased to those of a commercial 



unit, high selectivity and conversions are also 
obtained. 

When this experiment is conduaed with the 65 
equivalent molar quantity of cobalt chloride 
instead of the palladium compound as the cata- 
lyst, the selectivity and yield of the desired 
acetic acid product are decreased significantly. 
It has been found that cobalt catalysts differ 70 
radically from palladium catalysts in that the 
cobalt catalysts also cause hydrogenation reac- 
tions such as 'hydrogenation of the desired 
carboxylic aoid product to aldehydes and 
alcohols of the same number of carbon atoms. 75 
Consequently, the use of cobalt catalysts 
results in the substantial production of various 
undesirable byproduas including ethanol, 
acetaldehyde, and the next bigher 'carbon 
nimiiber carboxylic acid, e.g., propionic acid. 80 
Another distinction of tlie palladium catalysts 
over the cobalt catalysts is the elimination of 
undesirable gaseous byproducts, including car- 
bon dioxide and methane which are obtained as 
a result of the waterngas shift reaction cata- 
lyzed by cobalt. Furthermore^ significant quan- 
tities of the undesirable byproduct, dimethyl 
ether, are also formed in the presence of the 
cobalt catalyst system, as shown in Examples 
3 and 4 above. This ether compound attains ^ 
a very bigh partial pressure at the reaction 
conditions employed^ and necessitates the use 
of a bi'gh total pressure reaction system to 
maintain ibe necessary partial pressure of car- 
bon monoxide for reaction to form carboxylic 95 
acids, ejg., 2000 psig total pressure for 750 
psig carbon monoxtide ipartial pressure, at a 
reaction temperature of 175 °C. 

Still another 'distinction of the palladium 
catalysts compared to the cobalt catalysts is 100 
the fact that lower carbon monoxide partial 
pressures can be used without encountering 
metal plating. Thus metal plating or decobalt- 
ing occurs in Example 5 at 2100 psig carbon 
monoxide partial pressure, with increasing 105 
plating out at lower pressures. In contrast, 
palladium catalysts as in Example 4 do not 
plate out metal even at 300 psig carbon mon- 
ox)ide partial pressure. 

Example 25 110 
A reactor is charged with tlie follow- 
ing ingredients: 0.0022 grams of a 
platinum compound having the formula 
Pt(CH;Or(C,H,),P],I, 0.067 ^rams of a pro- 
moter consisting of methyl iodide, CHnI, 0.484 115 
grams of benzene as a solvent, and 0.158 
Igrams of methanol as feedstock. 

The reactor is pressurized with carbon mon- 
oxide to a total pressure of 300 psig at 25 °C, 
corresponding to a carbon monoxide partial 120 
pressure of about 400 tpsig, at the reaction 
temperature of 175°C. The reaction is car- 
ried out at constant volume for about 16 hours 
to yield a solution containing the following 
distribution of products exclusive of solvent : 125 
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40.7 \vt % Methyl Acetate 
2.2 wt X. Acetic Acid Acid 
7.5 wt Meth}-! Iodide 

49.6 wt Unrcactcd xMcthanol 

5 No substantial amounts of b\-products such 
as aldehydes, higher boiling carboxT^ic acids, 
methane, and/or carbon dioxide are formed. 

This example demonstrates the use of a 
■platinum complex as a catalyst instead of pal- 

10 ladium as compared with Exam-pie 24. 

Example 26 
A batch reactor is charged with the follow- 
ing ingredients: 3.S2 grams of a ruthenium 
coinpound having the formula RuCIn.3H,0, 
15 28.8 grams of a promoter consisting of methyl 
iodide. CH,I, 196.9 grams of acetic acid as 
a solvent, and 79 grams of methanol as feed- 
stock. 

The reactor is pressurized with carbon mon- 
20 oxide to a total pressiu"e of 1000 psig, corres- 
ponding to a carbon monoxide partial pressure 
of about 800 psig, at the reaction temperature 
of 175*^0. The reaction is carried out at a 
constant pr^sure to yield a solution containing 
25 the following distribution of products : 

88.7 wt Y Acetic Acid 
4.2 vn % Methyl Iodide 
7.1 ^vt %. (Catalyst, etc.) 

No substantial amounts of byproducts such 

30 as aldehydes, dimethyl ether, higher boiling 
carboxylic acids, methane, or carbon dioxide 
are formed. The time required for 50-/ of the 
methanol to be converted to acetic acid is 4.7 
hours. The present experiment as well as the 

35 other examples, is carried out a a slow rate m 
order to permit a study of the carbon atoms. 
Consequently, the use of cobalt catalysts 
results in the substantia! production of various 
undesirable bvproducts including erhanol, 

40 acetaldehvde, and the next t.igher carbon 
niunber carboxylic acid, e.g., propionic acid. 
Another distinction of the ruthenium catalysts 
over the cobalt catalysts is the elimination of 
undesirable gaseous b\T>roducts, including car- 

45 bon dioxide'and methane which are obtained 
as a result of the water-gas shift reaction 
catalyzed by cobalt. Furthermore, siimificant 
quantities of the undesirable b>-product, di- 
methyl ether, are also formed in the presence 

50 of the cobalt catalvst system, as shown in Ex- 
amples 3 and 4. This ether compound attains 
a very hi^h partial pressure at the reaction con- 
ditions employed, and necessitates the use of a 
high total pressure reaction svstem to main- 

55 tain the necessarv- partial pressure of carbon 
monoxide for reaction to form carboxvHc acids, 
e.£j., 2000 psig tot-al pressure for 750 psig 
caVbon monoxide partial presnire, at a reac- 
tion temperature of 175''C. 

60 Still another distinction of the ruthenium 
catalysts compared to the cobalt catalysts is 



the fact that lower carbon monoxide partial 
pressures can be used without encountering 
metal plating. Thus metal plating or decobalt- 
inc; occurs in Example 4 at 2100 psig carbon 65 
monoxide partial pressure, with increasing 
plating out at lower pressures. In contrast, 
ruthenium catalysts as In Example 8 do not 
plate out metal even at 300 psig carbon mon- 
oxide panial presstirc. 

EXAMl»Lt 27 

A batch reactor is charged with the 
fallowing ingredients: 0.0037 grams of an 
osmium^ compound having the formula 
OsBr:,;CO; [P(C ..H-.) . I „ 0.067 grams of a pro- 75 
moter consisting of methyl iodide, CHJ, 0.484 
grams of benzene as a solvent, and 0.158 grams 
of methanol as feedstock. 

The reactor is pressurized with carbon mon- 
oxide to a total pressure of 300 psig at 80 
2'^'^C, corresponding to a carbon monoxide 
partial pressure of about 400 psig, at the re- 
action temperature of 175-C. The reaction is 
carried out at constant vokime for about 30 
hours to yield a solution containing the follow- 85 
ing distribution of products exclusive of sol- 
vent : 

39.5 wt / Methyl Acetate 

2.3 wt Acetic Acid 

7.9 wt % Methyl Iodide 90 
50.3 wt % Unreaacd Methanol 

Ex.vMPLE 28 

This example demonstrates that the reaaion 
may be carried out in the presence of hydro- 
gen without the formation of undesirable pro- 95 
ducts such as acetaldehydc, erhanol nor cata- 
lvst decomposition. This example is similar 
to Example 12 except that the reaction is 
carried out in an atmosphere of 62 vol. 7 
carbon monoxide and 38 vol. %^ hydrogen 100 
correspondins: lo a svnthetic gas mixture at a 
total pressure of 2000 psig, (1100 psig partial 
pressure of carbon monoxide). The selectivity 
to formation of the acetic acid product is 
greater than 95/- at substantially lOOy con- 105 
version of methanol. No substantial amounts 
of reduced materials or other b>i>roducts such 
as aldchvdes, dimethyl ether, ethanol, higher 
boiling carboxvlic acids, methane, carbon di- 
oxide,^ etc. are detected by gas chromatography, j iq 
thus distinguishing from cobalt catalysts which 
vield such^b\'products as the result of hydro- 
(Tcnation catalyzed by the cobalt. The time re- 
quired for 50'/ of the methanol to be con- 
verted to acetic acid is 115 minutes. 115 

A similar result is obtained with another 
svnthetic gas mixture, e.g.. a 66 vol. hydro- 
gen, 3? vol. V carbon monoxide, such as is 
obtained from a commercial unit. The various 
impurities, e.g., nitrogen, noble gases, hydro- 120 
sen. carbon dioxide and paraffinic hydro- 
carbons of 1 to 4 carbon atoms, which are 
present in sudi feed gas mixtures, do not ad- 
verselv affect the present reaaion. 
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Example 29 
A batch reactor is idiarged. with the 
{fdlcnviag ingredients: L17 grams of an 
iridium compomd having the formula 

5 [(C,Ha)5P]o.LrC0Cl, 1.23 grams of additional 
triphenylphosphine as a iigand, 28 ;8 grams of 
a promoter consisting of methyl iodide^ 196.9 
grams of acetic acid as solvent, and 79 grams 
of methanol feedstock. The reactor is pres- 

10 snrized with caifeon monoxide to a total pres- 
sure of 500 psig (about 300 psig cartoon mon- 
oxide partial pressure) at the reaction tem- 
perature of 175°C. The reaction is carried out 
at a constant ipressure to yield a solution oon- 

15 taining the (following 'distribution of com- 
ponents, as determined 'by gas chromatography. 

SB. 5 wt 7o Acetic Acid 

4.2 wt % Methyl Iodide 

7.3 wt % (Catalyst, etc.) 

20 No methanol or methyl acetate is detected. 
Selectivity to formation of the carboxylic acid 
product is greater than 95% at su:bstantiailly 
100% methanol conversion. No undesirable 
byproducts such as aldehydes, dimethyl ether, 

25 higher boiling carboxylic acids, methane, car- 
bon dioxide, etc. are detected by gas 
dhromatography. The time jrequired for 50% 
of the methanol to be converted to acetic acid 
is 200 minutes. 

30 This example demonstrates that the use of a 
canbon monoxide partial pressure as low as 
300 psig gives similar results to use of the 
'higher partial pressure of carbon monoxide. 
The results ^how that the use of higjh pres- 

35 sures (e.g., 5000 — il5,000 psig) such as are 
required with cobalt caftalysts are not neces- 
sary when using the iridium catalysts of the 
present invention. 

The molar ratio of alco'hol to ester in the 

40 feedstock in the present Example is about 
0.001 (which corresponds to a substantially 
pure methyl acetate feedstock) in the presence 
of acetic acid as solvent. The acetic acid sol- 
vent and methanol feedstock readily esterify. 

45 In accordance with the criteria set forth above, 
the ratio of alcohol to ester is the controlling 
factor in product distribution. Consequently 
the product of this reaction is substantially 
completely acetic acid. 

50 Example 30 

This example demonstrates the effect of the 
rate of reaction as a function of the concen- 
trafcion of the iodine containing promoter. This 
example is similar to Example 5 except that 

55 only 28.8 grams of methyl iodide promoter is 
added. The selectivity to formation of carb- 
oxylic acid product is greater than 95% at 
substantially 100% conversion of methanol. No 
substantial amomts of byproducts such as alde- 

60 hydes, dimethyl, etc. are detected by gas 
chromatography. The time required for 50% 
of the methanol to be converted to acetic acid 



is 245 minutes as compared with 113 minutes 
in Example 5 when twice as mudh promoter 
is used. 55 

The ratio of alcohol to ester in the feedstock 
in this example is about 10,000 (=which corres- 
ponds to a substantiaMy pure methanol feed- 
stock) ,even in the presence of benzene as an 
inert solvent. Also the conversion level of the 70 
methanol feedstock is ;greater than 90%. In 
accordance with criteria set forth above the 
product of this reaction is substantially com- 
pletely acetic acid. 

'Example 31 75 
A batdh reactor is charged wi± the 
following ingredients: 1.32 .grams of an 
iridiiim compound having the formula^ 
lT(€0)Ci[AsCC,H5)j2, 28.8 grams of a pro- 
moter consisting of methyl dodide^ CH3I3 196.9 80 
grams of acetic acid as a solvent, and 79 
igrams of methanol as feedstock. 

The reactor is pressimized with carbon mon- 
oxide to a total pressure of 1000 psig, corres- 
ponding to a carbon monoxide partial pressure 85 
of about 800 psig, at the reaction temperature 
of 175°C. The reaction is carried out at a 
constant pressure to yield a solution containing 
the following distribution of products : 

85.4 wt % Acetic Acid 90 
4.7 rwt % Methyl Iodide 
10.9 iwt %, (Catalyst, etc.) 

Selectivity to the formation of the desired 
carboxylic acid product is greater than 95 % 
at siibstantially 100%^ conversion of methanol. 95 
No isubstantial amounts of byproducts such as 
aldehydes, dimethyl ether, higher boihng 
caiboxylic adds, methane, or carbon dioxide 
aare fonmed. The time required for 50% of 
the methanol to toe converted to acetic acid is 100 
216 minutes. 

This example demonstrates the effect of 
triphenylarsine as a ligand. 

'Example 32 

A batch reactor is charged with the 105 
following ingredients: 1.17 grams of an 
iridiinn compound having the formula 
[(QH5)3p]2l<CO)Cl, 57.6 grams of a pro- 
moter consisting of methyl iodide, CH3I, 196.9 
Igrams of acetic acid as a solvent, and 79 HO 
grams of methanol as feedstock. 

The reactor is pressurized with carbon mon- 
oxide to a total pressure of 400 psig, corres- 
ponding to a carbon monoxide partial pressure 
of about 130 psig, at the reaction temperature 115 
of 200°.C. The reaction is carried out at a 
constant pressure to yield a solution containing 
the following distribution of products : 

87.9 wt % Acetic Acid 
7.9 m % Methyl Iodide 120 
4.2 wt % (Catalyst, etc.) 
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Selectivity to the fonnation of the desired 
carboxyllc acid produa is greater than 95% 
at substantially 100/, conversion of methanol. 
No subsiantial amounts of byproducts such as 
5 aldehydes, dmieUiyl ether, higher boiling 
carboxylic adds, methane, or carbon dioxide 
are formed. The time required for 50>;. of 
the methanol to be converted to acetic acid is 
52 minuted. 

10 The present work Example demonstrates 
that high reactivity is obtained even at low 
carbon monoxide partial pressure, and extend- 
ing down to about 1 psig partial pressure. 

Example 33 

15 A batch reactor is charged with the 
following ingredients: 1.17 grams of an 
iridium compound having the fonnula 

Ir(CO)Cl [P(C,Il3). J V 178^^ 
moter consisting of methyl iodide, UH-ji, 
20 grams of acetic acid as a solvent, and 79 grams 
of methanol as feedstock and IS grams of 

water. . 

The reactor is presstirized wnth carbon mon- 
oxide to a total pressure of 1000 psig, corres- 
25 ponding to a carbon monoxide partial pressxrre 
of about SOO psig, at the reaction temperature 
of 175 -C. The reaction is carried out at a 
constant pIt^ssure to yield a solution containing 
the following distribution of produas: 



30 



90.1 wt 7, Acetic Acid 

3.4 wt % Methyl Iodide 

7.5 Avt % (Catalyst, etc.) 



Selectivity to the formation of the desired 
carboxylic acid product is greater than 95% 

35 at substantiallv 100/, conversion of methanol. 
No substantial amounts of b>T>roduci$ such as 
aldehydes, dunediyl ether, higher boiling 
carboxylic adds, methane, or carbon dioxide 
are formed. The time required for 50/o ot 

40 the methanol to be converted to acetic acid is 
is 153 minutes. 

This example demonstrates the beneticiai 
effect upon the reaction rate of adding water to 
the reaction medium. 

Example 34 
A batch reactor is charge with the follow- 
ing ingredients: 0.554 grams of an indium 
compound having the formula IrCl,, M grams 
of a promoter consisting of aqueous :>7 

50 hvdriodic acid, 150 grams of benzene as a 
solvent, and 100 grams of phenol as feedstock. 

The reactor is pressurized with carbon mon- 
oxide to a total pressure of 500 psig, corres- 
m>nding to a carbon monoxide partial pressure 

55 of about 425 psig, at the reaction temperature 
of 195^C The reaction is carried out at a 
constant pressure to yield a solution having the 
following distribution of products: 34.1 \viy 
benzoic acid, 65.9 wt (catalyst, etc.}.- This 

60 example dcnnoTistrates the ability of the cata- 
lyst system to carbonylate phenols. 



Example 35 

This example demonstrates that compounds 
of iridium(O) in addition to the compounds 
of iridium- 1) and indium(III) described above, 65 
mav be charged as cata-lysts for the carbonyla- 
tion of alcohols and alcohol derivatives. 

A batch reactor is charged with the follow- 
ing ingredients : 0.414 grams of an iridium(O) 
compound with the formula Ir/CO)!;.., 28.8 70 
grams of a promoter consisting of methyl 
fodide, CH J, 196.9 grams of acetic acid as 
solvent, and 79 grams of methanol as feed- 
stock. 

The reactor is pressurized widi carbon mon- 75 
oxide to a total pressure of 1000 psig, corres- 
ponding to a carbon monoxide partial pressure 
of about SOO psig, at the reaaion temperatun? 
of 175°C. The reaction is carried out at a 
constant pressiire to yield a solution containing 80 
the following distribution of produas : 

S7.5 wt % Acetic Acid 
4.1 vn % Medhyl Iodide 
8.4 wt y.. (Catalyst, etc) 

The seleaivit>^ to the formation of the desired 85 
acetic acid product is greater than 95%, 
at substantially 100/. conversion of methanol 
No substantial amounts of by-products such as 
aldehydes, dimethyl ether, 'hi-gher boiling 
carboxylic acids, mediane, or carbon dioxide 90 
are formed. The time reqiiired for 50% of 
the methanol to be converted to acetic acid is 
95 minutes. 

The word PYREX used in the specification 
is a Registered Trade Mark. ^5 

Catalvsts of use in this invention are de- 
scribed ' and claimed in Application No. 
59546/70 Serial No. 1234642 divided here- 
from. 

WHAT WE CLAIM IS : — lOO 

1. A process for the treatment of a re- 
actant which is an alkyl compound having n 
carbon atom5, where n is a nuariber from 1 
to 20, or an ar^"! compoimd having n carbon 
atoms, where n is a whole number from 6 105 
10 20, the said reactant being an alcohol, 
halide, ester, ether or phenol, to obtain a mix- 
ture comprising an organic acid having n+l 
carbon atoms, or an ester of the alcohol 'having 

n carbon atoms with the said acid, the said 110 
process comprising reacting the said reactant at 
a temperature of at least 50^ C, with carbon 
monoxide in the presence as catalyst, 
of a noble metal component selected from 
iridium, platinum, palladium, osmium and 115 
ruthenium and their compounds, and a pro- 
moter substance which is a halogen or halogen 
compound. 

2. A process according to claim 1 wherein 

the promoter substance is selected from 120 
bromine, iodine, and comfpotinds of bromine 
and of iodine. 

3. A process according to claim 1 or 2, 
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wherein the reaction is eff eoted in the presence 
of a solution containing the noble metal com- 
ponent. 

4. A process according to claim 3 wherein 
5 .the acid solution also contains water. 

5. A process according to claim 3 wherein 
the said solution contains an dnert solvent hav- 
ing a boiling ipoint Jvvhich is at least 25^C 
(S.T.P.) higher than the said acid and ester 

10 obtained. 

6. A process according to any o;f claims 1 — 5 
fwihcrein lihe partial ipressure of carbon mon- 
oxide is from 1 (psig to 15,000 -psig. 

7. A process according to claim 6 wherein 
15 the partial pressure of carbon monoxide is 

from 5 psig to 3,000 psig. 

8. A process according to claim 6 wherein 
the part'ial pressure of carbon monoxide is 
(from 10 psig to 1,000 psig. 

20 9, A 'process according to any of the pre- 
ceding claims for die manufacture of acetic 
acid and/or methyl acetate, wiherein the said 
reactant is methanol, methyl acetate, dimethyl 
ether or methyl iodide. 

25 10. A fprocess according to cdaim 9 wherein 
the reaction is effected at a temperature of 
from 50°C to 300^C. 

11. A process according to claim 9 or 10 
in whidh the catalyst is a solution of a said 

30 noble metal component which also contains 
acetic acid. 

12. A process according to claim 1 or 2, 
wherein the reaction is in the presence of a 
supported catalyst comprising a said noble 

35 metal component supported upon a 'carrier. 

13. A process according to claim 12 wherein 
the reaction is effected in vapour phase at a 
temperature of from 50°C to 500°C. 

14. A iprocess according to clahn 13 for the 
40 manufacture, with reactants and products in the 

vapour phase, of acetic acid and/or methyl 
acetate, wherein the reactant is methanol, 
methyl acetate, dimethyl etcher or methyl 
iodide. 

45 15. A process according to claim 14 in which 
ftihe reactant is methanol and the feedstock also 
contains water. 

16. A process according to claim 15 in 
which the said feedstock also contains methyl 

50 acetate. 

17. A process according to any of claims 
12 — 16 wherein the noble metal component is 
a noble metai oxide. 

18. A process according to any of claims 
55 13 — iig which the partial pressure of carbon 

monoxide is from 0.1 psia to 15,000 psia. 

19. A process according to claim 18 in 
^which the partial pressure of carbon monoxide 
is from 5 psia to 3,000 psia. 

20. A process according to claim 18 in 
which the partial pressure of carbon monoxide 
is from 10 psia to 700 psia. 

21. A process according to any of claims 
12 — 20 in which the said carrier is carbon. 

22. A 'process according to any of claims 



1 — 21 in 'Which the said promoter is iodine or 
a compound diereof. 

23. A process according to claim 22 in 
which the said promoter is an alkyl iodide in 
AVhich I'he said alkyl radicail 'has 1 — 20 carbon 
atoms. 

24. A process according to any of claims 
1 — 23 for the production of a 'high propor- 
tion of acid relative to ester, 'which comprises 
conducting tlhc process, with the ratio of 
alcohol to ester being from 0.001 to 2.0. 

25. A process according to any of claims 
1 — 23 for the production of a high propor- 
tion of ester relative to acid, which comprises 
conducting the process with the proportion of 
the alcc^hol relative to the ester being from 
10 to 10,000. 

26. A process according to any of claims 
1 — 23 comprising conducting the process with 
the ratio of the alcohol to the ester being from 
0.001 to 10,000. 

27. A process according to any of claims 
1 — 26 in (w^hich the carbon monoxide is sup- 
plied as a gas mixtiure containing from 1 vol. 
% carbon monoxide to 99.9 vol. % carbon 
monoxide, and with the remainder of said gas 
rnixture toeing selected from the group con- 
sisting of nitrogen, noble gases, hydrogen, 
carbon dioxide, water and paraffinic hydro- 
carbons havi'ng from 1 to 4 carbon atoms. 

28. A process according to any of claims 
1 — >16 in which the noble metal component is 
a noble metal hailide. 

29. A process according to any of claims 
1 — 16 in which the noble metal component is 
noble metal carbonyl halide. 

30. A process according to any of claims 
1 — ^16 in whidh the noble metal component is 
a -nobile metal chloride. 

3d. A process according to any of claims 
1 — 16 in whidh the noble metal component is 
an ar>il if^hosphine complex of the noble metal. 

32. A process according to any of claims 
1 — '16 in whidh (the noble metal component 
contains carbon monoxide and at least one 
halogen 'ligand selected from chlorine, bromine 
and iodine; and at least two iligands selected 
from phosphorus, arsenic, and antimony de- 
rivatives having aryl radicals from 6 to 18 
carbon atoms. 

33. A process according to any of claims 
1 — ^16 in whidh the- noble metal component 
contains at least one halogen *ligand selected 
from chlorine, ibromine and iodine; and at 
least (two ligands selected from phosphorus, 
arsenic and antimony derivatives having alkyl 
radicals of ^from 1 to 18 carbon atoms. 

34. A process according to any of claims 
1 — ^16 in which the noble metal component 
contains at least two ligands selected from 
chlorine, bromine and iodine; alkyl radicals 
of from 1 to 1'8 carbon atoms, and aryl radicals 
of from 6 to 18 carbon atoms; and at tost one 
'ligand selected ffrom phosphorus, arsenic and 
antimony derivatives having radicals selected 
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•from alkyl radicals of from 1 to IS carbon 
atoms, and aryl radicals having from 6 to IS 
carbon atoms. 

35. A process according to claim 1 in which 
5 the noble metal component is an iridium 

halide, an iridium carbonyl haiide or an ar>'l 
phosphine complex of iridium. 

36. A process according to claim 35 in 
which the noble metal component is iridium 

10 trichloride. 

37. A process according to claim 1 m which 
the noble metal component is di-iodobis (tri- 
butvlphosphine) palladium (II). 

38. A process according to claim 1 in which 
15 the noble metal component is iodomethanebis 

(tricthylphosphine) platinum. 

39. A process according to claim 1 in which 
the noble metal component is a ruthenium 
haiide, a ruthenium carbonyl haiide or an 

20 arvl phosphine complex of ruthenium. 

40. A process according to claim 39 in 
which the noble metal component is ruthenium 
trichloride. ^ 

41. A process according to claim 1, jn which 
25 the noble metal component is 

OsBr,(CO)[P(C,H:.):*.l. 

42. A process according to claim 1 sub- 
stantiallv as hereinbefore described with refer- 
ence to any one of the foregoing specihc 

30 Examples. 

43. A process for the transformation of an 
alcohol having n carbon atoms to a mix- 
ture comprised of an acid having n-r 1 carbon 
atoms, the ester of the said alcohol with the 

35 said acid, and mixtures thereof, which com- 



prises contaaing the said alcohol with cartoon 
monoxide in the presence of a solution contam- 
in^ a metal compound seleaed from the group 
consisting of platinum and palladium com- 
pounds, and a promoter snibstance selected 
from the group consisting of bromine, iodine, 
and compounds of said halogens at a tempera- 
ture of from 50- C to 300^ C. 

44. A process for the transformation of an 
alcohol having n carbon atoms to a mixture 
comprised of an acid having n + l carbon 
atoms, the ester of the said alcohol with the 
said acid, and mixtures thereof, w^hich com- 
prises contacting the said alcohol with carbon 
monoxide in the presence of a solution con- 
taining an iridium compound, and a promoter 
substance selected from the group consisung of 
bromine, iodine, and compounds of said halo- 
c^ens at a temperature of from 50^C to 300 -C 

45. A process for the transformation of an 
alcohol having n carbon atoms to a mixture 
comprised of an acid having n-f 1 carbon 
atoms, the -ester of the said alcohol with the 
said acid, and mixtures thereof, which com- 
prises contacting the said alcohol with carbon 
monoxide in the presence of a solution con- 
taining a metal compound selected from the 
c^roup consisting of osmium and ruthenium 
compounds and a promoter substance sel«:ted 
from the group consisting of bromine, lodme, 
and compounds of said halogens at a tempera- 
ture of from 50^C to 300°C. 

Agents for the Applicants, 
GALLAFENT & CO., 
Chartered Patent Agents, 
8, Staple Inn, 
London, WCIV 7QH. 
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